FEDERAL EMERGENCY MANAGEMENT AGENCY

TECHNICAL SERVICES DIVISION
HAZARDS STUDY BRANCH

RIVERINE EROSION

HAZARD AREAS
Mapping Feasibility Study

&

September 1999




FEDERAL EMERGENCY MANAGEMENT AGENCY

TECHNICAL SERVICES DIVISION
HAZARDS STUDY BRANCH

RIVERINE EROSION

HAZARD AREAS
Mapping Feasibility Study

September 1999




Cover: House hanging 18 feet over the Clark Fork River in Sanders County, Montana, after the river eroded its bank in May
1997. Photograph by Michael Gallacher.



Table of Contents

ReEPOIt Preparation. .. ... e e Xi
ACKNOWIEAGMENTS ..ot Xii
EXECULIVE SUMMAIY ...ttt e e e e e e e e e eees Xiv
1. INTFOAUCTION e e 1
1.1.  Description Of the ProbIEM.........ccviiiiieeeecc ettt e 1

1.2, LegiSIative HISTOIY ......c.ciiiiiiiii ittt e e bt se e e bbb e e e 1
121 National Flood Insurance At (NFIA), 1968 .........cccuiiririrerierienie e 3
12.2. Flood DISaster ACE Of 1973 ........coieirieirieisieseees et 4
1.2.3. Upton-Jones Amendmert, 1988.........c.coo ittt ene s 4
1.2.4. National Flood Insurance Reform Act (NFIRA), 1994 .........oo i 7

1.3, Extent of the ProBlem ... e 7
1.4.  Purpose and SCOPe Of the SEUAY........cceiiiiee e 10
14.1. PUIMDOSE ...t r e e e e r e 10

14.2. R Tol o] o= PP PTP TP PSPPSR 11
15. Mapping of Riverine Erosion Hazard Ar€as...........ccccreerenrienninisesieese s 12

2. Background of Riverine EroSion..........cccoovvviiiiiiiiiiiicii e 14
N T U1V B 1= LS 14
2.2. Factors Affecting Alluvial ChannElS...........ccoceeiieieiiciesiee e eeens 15
2.3, CRANNEI TYPES ...ttt ettt h e bbbt b b s bbb e et e b et e et be s 16

2.4, Channel FOrm and PrOCESSES........cccciieiiieiierise sttt ettt 19
24.1. DEfINIEIONS. ...ttt b et bt ettt b 19

24.2. Geomorphic CharaCeriStiCS........ e vivirerireerereesie st 20

243. PIANTOITIS. ...ttt ea e 22

244, CrOSS SECUON ...ttt sttt ettt b et b bbb st b e b et s bttt 25

245, SlOPIE .ttt b et b et 26

24.6. Roughness and Bed Configuration ..............coeereereneeineereeseeeseeeseesessesee e seenes 27

24.7. Mechanics of SediMent TraNSPOM..........coeerirerireeiri et sneaes 29




25.

2.6.

3.1
3.2.
3.3.

4.1.

4.2.

Evaluation Methods for Channel Response to Imposed Changes..........ccvevivnenncnecnnne, 30
251 EqUIliorium APPrOACHES..........ociieceeeeee et 31
252 FILMal HYAraUlICS ........ccveiveiecieciese ettt st nente e 32
25.3. Streambank Stablity ............ccceieieieieieeec e 34

ComputatioNal MOTEIS...........curiiiriiiiere bbb b 36
26.1 Modeling APPIOACKH. ......c..e i 37
2.6.2. HYAFAUICS ...ttt sttt e et e 38
2.6.3. SEAIMENE TIANSPOM ... ieeeeee ettt s b et e b e b e e e e e e e e e e e e e eneas 39
2.6.4. Stability Of StreamDANKS .........cooie e 39
2.6.5. FULUNE DIFECHIONS .....c.eeveteite ettt b st b et a bbb e e e e e ne b s 41

LiteratuUre REVIEW ......covuiiiii e 43

Research Sources and SEarCh ... e e e 43

LITEratUrE SUMMIBIY ....eiiiieiiiieee ettt ae et be bt et bt be s besaeebesbese et e bese e e et e e e e et e ss et es 43

ST (CTot (=10 I o Lot U 1T o) R 43

ANalysis Of CaSe STUTIES.........uuiiiiiiiiieeii e 44

AMAFCA Sediment and Erosion DeSigN GUITE .........cccceeeieiiienesesiesesee e 46
4.1.1. OVBIVIEW.......oeuietiete et et et et e e e e teeete s aeesaeeeesheeabesbeesbeebeesbesasesbeessesbeansesseasesneesreenseseantenns 46
4.1.2. Detailed DESCHPLON..........eiteieerieiereeee ettt se e teseeseeneeee e e e eneenenes 46

41.21. Levell-- Geomorphic and Other Qualitative Analysis...........cccccvvveereneriesesennenns 47
4.1.2.2. Level 2— Quantitative Geomorphic and Basic Engineering Analysis ..................... 48
41.23. Level 3- Quartitative Analysis Using Numerical Models............ccccooerrenererenennn. 51
4.1.24. Prudent LINE ANAIYSIS .....c.ccoveieieieeieire e s se e e sttt e e se e e e ene e 51
4.1.3. o o] Tor= o111 TR 52
4.1.4. LIMIEBLIONS ...ttt et et r e e e s re e e saeeaeesaeebesaeesbeenaeseenreenns 53
4.15. REIBVANT RETEIENCES.........ecieeeece ettt e st s re et b b ere e 53
4.1.6. MAPPADIIEY....... et 54
4.1.7. 0 TSRS 54
4.1.8. RegUIALOry POLENLAL...........covevireeierieeeeree e 54
4.1.9. SUMIMAIY ...ttt sttt r e bt r e r e s ae et r e s e se e n e e neenenn e e e e nnen 55

Inventory and Analysis of Stream Meander Problems in Minnesota.........c..ccoccevveivvievceennnn, 56
4.2.1. OVBIVIEW.......ticuieteete et et et e e te e e e steestesaeestesaeesbeeabesheesbesbaesbesasesbeessesbeensesaeesesneesaeenseseentenns 56
4.2.2. Detailed DESCIPLON.......c.cevieeririeteriee sttt e e ssnes 56

4.2.2.1. Data Collection and Preparation............c.cceieveresesiesesesesiesesseesseseesessessesessessenns 57
4,222, Shift MEASUIEIMENT ......cuiiieeiiieisieeeie ettt sttt sttt sbe e seene 57
4.2.2.3.  RESULS SUMMAIY .....coviieieicieieceeee et e st te sttt st et s ee e e e e e e e eneeseeneens 58
4.2.24. Relationships Between Stream Parameters and Measured Reslits..................... 58
4.2.3. ol o] Tor= o111 ST 58




4.3.

4.4.

4.5.

4.2.4. LIMIEBEIONS ...ttt ettt b et n s 58
4.25. Relevant REFEIENCES..........ooiireiree et 58
4.26. MAPPADIILY ...+ eeese s eeeee e ee e 59
4.2.7. L0 RSSO 59
4.2.8. RegUIALOry POLENLAL...........coeerireeeerieirere e 59
4.2.9. SUMIMAIY ...ttt ettt r e bt b e r e R e s e se e r e s e se e s e e e ne e s e s e e e e nnen 59
Probabilistic Spatial Assessment of River Channel Instability............cccccvvieinnnciinnceene, 60
4.3.1. OVBIVIEW.......ctete ettt etttk b ettt bbbt bbb et b bbb et bbbt 60
4.3.2. Detailed DESCIPLON.......c.civieerireeterieeerietsieesi ettt snneas 60
20 T2 W Y/ 1= 1 oo (0] T 1Y 20U TSR 60
4,322, CASE SHUAY ..voeevireeie ettt sttt et st 62

4.33. APPICADIIEY ...ttt etenas 62
4.3.4. LIMIEBEIONS ...ttt bbbttt sttt b e s 62
4.35. Relevant REFEIENCES..........oiiireirie et 63
4.3.6. MAPPADIIEY.......c et 63
4.3.7. COSLE ...ttt R e R R r e r e e n e r e renrea 63
4.3.8. RegUIALOrY POLENLAL.........c.eoeerireeeireeeeere et 63
4.3.9. SUMIMIAIY ...ttt ettt r bbbt r e e e e r e s e se e s e neneenenn e e e e nnen 63
Geomorphology and Hydrology of the Santa Cruz River, Southeastern Arizona................. 64
44.1. OVBIVIBIW.......teneetesee sttt ettt bbbttt bt bbbttt b ettt 64
4472, Detailed DESCIPLON.......c.covireetireeteriee ettt eaenas 64
4.4.3. Ao 1o o 66
44.4. LIMIEBEIONS ...ttt ettt sttt bbb e s 66
4.45. Relevant REfEIENCES..........oo i 66
4.4.6. MAPPADIIEY.......cveeeeeetee s 67
4.4.7. L0 L TP P PP PPN 67
44.8. RegUIALOrY POLENEAL.........c.ereetireeiirieire e 67
4.4.09. SUMIMIAIY ...ttt et h e b b e bt r e s R s et R e e se e r e eeneenennenn e e nnen 67
San Diego County AlIUVIal SEUAIES.........ccoiiierierrereee et e 69
45.1. OVEBIVIBW........veneeteee ittt ettt b ettt b et b et b et e b et e b e bbb e e s bbb et eee 69
45.2. Detailed DESCIPLON.......c.cevieetireeterieiereetriees ettt e s snenas 69
4521, COMPULEr MOOEING -....cueeueeeeuieiireeieeiere ettt 69
4522, Definition Of HAZAId Ar€aS ..........ccvireirieririenieieseeie ettt 70

453. Ao 1o o TTT 70
45.4. 0 172 100 SO 71
455. Relevant REfEIENCES..........ooiireere et 71
4.5.6. MAPPADIIEY....... vt 71




4.6.

4.7.

4.8.

45.7. COSLE ...ttt R e R et r e r e e n e renrea 72

45.8. RegUIALOry POLENLAL...........coeevireeeerieierere e 72
45.9. SUMIMAIY ...ttt sttt r e b b e r e r e nre et R e s e se e s e neneen e e e e e e nnen 72
City of Austin Technical Procedures for Watershed Erosion ASsessments ............ccocevenene 73
46.1. OVBIVIEW.....c..e vttt et testestes e seeseeste e see e eseeneeseesessesseesessessesaesbesaeseenbeseeseenseneeneensensenensesenns 73
4.6.2. Detailed DESCIPLON.......c.cevieetireeterieiereeit sttt b e snenas 73
4.6.2.1.  INroductory Material............ccevueiieieiiiesecere s 73
4.6.2.2.  Impervious Cover COMPUEALION..........ccceieeereiesresesieseeseeseeseeseeseeseesessessessessesseens 74
4.6.23.  Watershed "Vital SEAtiIStICS" ........ccccierereririerrie et 74
4.6.2.4.  Urbanization EffECES.......cccecvieiiiiicenice sttt e 75
4.6.25.  SUEAM INMVEMIONY ... eiiiiii ettt sttt sr e b e sae e s b e e seesnreesees 75
4.6.2.6. Enlargement POLENLIAL..........ccccivriieiieieiicecece e 77
4.6.2.7. Nick Point and Meander Management...........ccccveereruerereereeneeseeseeseeessesessessesseens 79
4.6.2.8.  Prioritization of Erosion ProbIEMS .........cccoeirireiinnienee e 79
4.6.2.9. Stream Management ReCOMMENALIONS.........ccceverereereriereeiee e 80

4.6.3. ol o] Tor= o111 TP 80
4.6.4. g 01170 S S 80
4.6.5. Relevant REFEIENCES........ccv it st ene 80
4.6.6. MAPPADIIEY.......c et 81
4.6.7. L0 PSPPSR 8l
4.6.8. RegUIALOrY POLENLAL.........c.eoeerireeeireeeeere et 81
4.6.9. SUMIMIAIY ...ttt ettt r bbbt r e e e e r e s e se e s e neneenenn e e e e nnen 8l
River Stability Studies for Virgin River, Santa Clara River, and Fort Pierce Wash, Utah ...... 83
4.7.1. OVBIVIEW. ... ettt stes e seesees e stesee e e seeseeseeeeseeseesesseesessessessestesaeseessessesaensensenennsnnsenensesenns 83
4.7.2. Detailed DESCIPLON.......c.covireetireeteriee ettt eaenas 83
4.7.2.1. Historical Evaluation, VIrgin RIVEY ...........ccceiiiiiniie e 83
4.7.2.2. Geomorphic Evaluation, VIrgin RIVET ...........cccoeririirerereeeee e 84
A.7.2.3.  CONCIUSION. ....c.eieiieseeeeie ettt bbb bbb st se et 86
A4.7.24. SANA Clara RIVET ..ot 87
A.7.25.  FOItPIEICE WaSh ...ttt e 87
4.7.2.6. Recommended Management PIanS ...........ccooverireienereneneee e 88

4.7.3. ol o] Tor= o111 ST 88
4.7.4. g 011710 S 89
4.7.5. Relevant REFEIENCES........civiireereere ettt e e e ene e ens 89
4.7.6. MAPPADIIEY....... vt 90
4.7.7. 0L PP 90
4.7.8. RegUIALOrY POLENLAL.........c.ioeetireeeerie e 90
4.7.9. SUMIMIAIY ...ttt ettt h e bbbt b e s R se R e e se e s e e e ne e s ennen e nnens 90
Hydrologic and Geomorphic Studies of the Platte River Basin, Nebraska............c.ccccceeue.. 91
48.1. OVBIVIEW. ... vt stes e seesees e steseesen e seeseeseeneeseeseesesseesessessesaessesaeseessesseseensenseneensnnsenensenenns 91
4.8.2. Detailed DESCIPLON.......c.cevieetireeterieiereetriees ettt e s snenas 91




4.8.3. APPICADIIEY ...ttt b et nna 93
4.8.4. LIMIEBEIONS ...ttt ettt b et n s 93
4.85. Relevant REFEIENCES..........ooiireiree et 93
4.86. VAPPADIILY. ...+ eeseeesseeee e ees e seesse s sessseseneseaessssseesee e 93
4.8.7. L0 RSSO 93
4.8.8. RegUIALOry POLENLAL...........coeerireeeerieirere e 94
4.8.9. 10 001607 T Y RSP 94
4.9. Streambank Erosion Along TWO RIVEIS iN [OWa .........ccccceieieieieiese e enens 95
49.1. OVBIVIEW.......ctete ettt etttk b ettt bbbt bbb et b bbb et bbbt 95
4.9.2. Detailed DESCIPLON.......c.civieerireeterieeerietsieesi ettt snneas 95
2 T TR Y/ [0 =1 110 1Y, (oo =Y S 95
4.9.2.2. East NIShnabhotna RIVE ..o 96
4.9.2.3.  DESMOINES RIVE ......eiviiriieieiresie ettt 97
4,924, CONCIUSION......ceeiriieeiteeiteieestesee st s e s beete st e b e sbe e besseeebesaseebeensesbeessesseesaesneesresnsess 97
4.93. APPICADIIEY ...ttt etenas 98
4.94. LIMIEBEIONS ...ttt bbbttt sttt b e s 98
4.95. Relevant REfEIENCES..........ooiireirerere e 98
4.9.6. MAPPADIIEY.......c et 98
4.9.7. COSLE ...ttt R e R R r e r e e n e r e renrea 98
4.98. RegUIALOrY POLENLAL.........c.eoeerireeeireeeeere et 99
4.9.9. SUMIMIAIY ...ttt ettt r bbbt r e e e e r e s e se e s e neneenenn e e e e nnen 99
4.10. Channel Migration Studies in King County, Washington ...........cccccoereneininininnenenene 100
4.10.1. OVEBIVIBW........ctneeteeete sttt b bt st b e bbbt b et b b b et b bttt b et b et b ne e ens 100
4.10.2. Detailed DESCIPLON.........civeertireete sttt sttt sttt b e et e b e s e 100
4.10.2. 1. StUdy PrOCEAUES...... .ottt s 100
4.10.2.2. Study Area CharaCteriStiCS ..........cceererererereriesesie et see e e e ee e 101
4.10.2.3. Estimation of Channel MIQration.............c.cceerererenereneesiesee e 101
4.10.2.4. Estimation and Mapping of Future Channel Migration............c.cccceervervnenenenne. 102
0T T Vo o1 o Y 103
4.10.4. LIMIEBLIONS ...ttt sttt et s e ettt b e st se et e b st nnene s 103
4.10.5. Relevant REfEIENCES.........ooiirere et 103
4.10.6. MAPPADIIEY....... vttt 104
4.10.7. L0 PP U PSPPI 104
4.10.8. RegUIAtory POLENLAL...........coiireereeereee ettt 104
4.10.9. ESTH 10100721 PP PP PP PSP 104
4.11. Bank Erosion Field Survey Report of the Upper Mississippi River and lllinois
WVBLEIWVAY ...ttt ettt ettt sttt b e e b st e s b e e b e e he e b e ehe e bt e aeeebe e et sae e bt eaeeseeemeesae et eneaneeans 105
O O O 1V < Y 1= SRS 105
411.2. D= 1110l D =TS Tor 7o) 110 o 106




4.11.2.1. Data Collection and Parameter ClassifiCation ............cccevcveeeeecieeeeeeeseeeeeereeeenns 106

4.11.2.2. Characterization of Bank Erosion and Failure Mechanisms............cccocceveinenene 106
4.11.2.3.  The lliNOIS WELEIWAY .......ccceuireeiirieirieiirieisieisies ettt 106
4.11.2.4. The Upper MISSISSIPPI RIVE .......coueirieirieiriiirieie et 107
A113. APPHCADIY «..vv.oeveeeeeeeee e e e ses e es s seseees s eese s eeneeneeees 107
4.11.4. LIMIEBEIONS ...ttt 108
4.115. ReleVANt REFEIENCES. ......c.eivvieiiririeee et 108
A11.6.  MAPPADIIY. ......oveeeeeee oo eeeeeee e eee e e eee s seseseees e se e seseseseeeseeseeeeeeeseseeseeeeeees 108
411.7. L0 TSR PR PTRPR 108
411.8. RegUIALOrY POLEMHAL...........ciieveieceeieieseee ettt et e sa e enas 108
4.1109. 10 001007 T U U R PRUPR PR 109
4.12. Arizona Standards for Lateral Migration and Channel Degradation..............ccccoveerrenieennnn 110
412.1. OVEIVIEW.......veteneeteseeteseeteseesestesestesesbeseebesseseseese st ese st ene b e e ebe s ebe st enesaesensenesbenensesnsesensens 110
412.2. D= 11 TcTo J DTS Ton o)1 TR 110

4.12.2.1. Guideline 1 — Lateral Migration Setback Allowance for Riverine Floodplains
I ATTZONIEL ..ttt et st b et b e e bbbt bbb 110

4.12.2.2. Guideline 2 — Channel Degradation Estimation for Alluvial Channels in

ATIZONAL ... s 112
A12.3. APPHCADIY «..vvooeveeeeeee e s ees e seses e es e se s eeeeseseees s seseeeeeeeseeeneeseeees 113
4.12.4. LIMIEBEIONS ...ttt sttt et 113
4.125. RElEVANT REFEIENCES. ......ceieieiiiresiete et s 114
A12.6.  MAPPADIIY. ......evoeeeeee e seeeeeees e eeese e s ees e se s seseseees s se s eeseseseees s seseeeseeeseeeneeeerenes 114
4127. L0 USSP R PRSP 114
412.8. RegUIALOrY POLEIMHAL.........ccivieieierieeeseeeeee ettt s sa e eneenas 114
4.1209. 10 0010072 T USROS PRSPPI 114
Assessment of Technical Feasibility .........ccccooooiiiiiis 115
5.1, OVEIVIEW ...ttt b et s bRt R e bt e h bRt R n e r e 115
5.2.  Evaluation of SCIentific SOUNANESS ..ot 115
521 Field IMVESHOALIONS ........cceveeetireeie ettt s 115
522 GEOMOIPIIC ANBIYSIS ....cvereetiieirie ettt ettt 118
523. ENGINEEriNg ANBIYSIS .......couiiriireeiereete ettt sttt et e 122
524 Mathematical MOAENNG .........corviireiieeree e 124
5.25. CONCIUSIONS ...ttt ettt ettt b et b et b e b et be e se st e st e e b e e b et enenas 125
5.3, The SIXtY-YEar HOMIZON.......oiuiiiiie ettt bbb ettt sne s 125
o3 1 PP USSP 127
54.1. Data Source and ASSUMPLIONS........ccueiueieereeerereeresesesresreseesres e sseseessessesesssesessssssssenses 127
5.4.2. ATECIEA ANBAS. ...t 127
5.4.3. Applicability of REHA Study APProaches.........cccveeieriereresesesieseeseeeesee e e seeeesennes 128




54.4. Costs of REHA Study and MappinNg ........ccceeeeeeuereeuerieeereeerieesieesieseeseseese s 128

5.45. INFIP COSES ...ttt sttt sttt b e st e bt e et se e se s e s e st e e e b eneseseebeneseseeneas 130

5.5. Conclusions on Technical FEASIDIlILY .........cccceieiriiiiniecire s 130

6. IMPleMENtAtiON ... .o 131
6.1,  EXIStING REGUIALIONS ......cveiiiiiiiiistie et bbb 131
6.1.1. Federal REQUILIONS .........c..ciiiii et e s 131

6.1.2. LOCAl REQUIALIONS........ceieteie ittt st st et 131

6.2.  Options fOr IMPIEMENTALION..........cciiriere et 132
6.2.1. N | 7= g <o USSR 132

6.2.2. Local IMPIEMENTALION..........oiieieeeee e e e e 133

7. 100} o o 11 £ Lo ] o 1 TS0 134
8. REFEIENCES ... 136
F Y ] 011 0 [0 1 b OO UPPPTPPPN 149

vii



List of Tables

Table 2.1.

Table 2.2.
Table 2.3.
Table 2.4.
Table 2.5.
Table 2.6.
Table 2.7.
Table 2.8.
Table 2.9.
Table 4.1.
Table 4.2.
Table 5.1.
Table 5.2.
Table 5.3.
Table 5.4.

Variables affecting alluvial channels and their dependency (Schumm, 1971; Chang,

LS F OO 16
Stream classification system based 0n USACE (1994). ......ccooerereneienieneeeneresie e 18
Schumm’s summary of channel responses (adapted from Chang, 1988).............cccceueee. 22
Planform patterns (USACE, 1994). ..ottt 24
Sediment transport formulas and classifications. .............cccveiirienninceeeeees 30
Twelve computational models to predict channel geometry changes (ASCE, 1998by)...... 37
Features of flow routing submodels of reviewed models (ASCE, 1998b). .........c.ccceeuenee. 38
Sediment transport characteristics of reviewed models (ASCE, 1998D)...........cccoceeeruenene 40
Streambank stability characteristics of the reviewed models (ASCE, 1998b)................... 41
SUMMATY Of CASE STUAIES. .....ecvvieeeeeerireee st se ettt st e e sa e e se e eneeneene e 45
Streams and location of Study reaches..........cccocveeie e 57
Scope of field investigations for the case StUIES. .........ccccceveveieveerececee e 116
Data needs and procedures in geomorphiC StUAIES. ..........coveeeriereeieeieeeeirereeeseee i 119
Data needs and procedures in basic engineering StudIes. ..........cccocvrveeierininienienicnennens 123
Data needs and procedures in mathematical modeling studies...........c.ccoovvrineninnnncns 124

viii



List of Figures

Figure 2.1.
Figure 2.2.
Figure 2.3.
Figure 2.4.
Figure 2.5.
Figure 2.6.
Figure 2.7.
Figure 4.1.
Figure 4.2

Z0nes INa fluMEl SYSIEM. ..o 15
Relationships among variables for channel response (USACE, 1994)..........cccceeevenene 17
Main mechanisms of cross sectional widening (adapted from ASCE, 1998a).............. 25
Main mechanisms of cross sectional narrowing (adapted from ASCE, 1998a)............ 26
Processes affecting channel slope (USACE, 1994). ........cccoiriinnineieneieneneseesieeee 27
Various bed forms and their progression under accelerating flow (USACE, 1994)....... 28
Mechanisms of bBank fallUre. ..o e 36
LOCAtION Of CASE STUAIES. ......cveeeeiieirieeere e 44
"Prudent Line" definition (AMAFCA, 1994)........cccoiirivrierereseseseesereesesesessesessessesnens 53




List of Photographs

Photograph 1.

Photograph 2.

Photograph 3.

Photograph 4.

Photograph 5.

Photograph 6.

Photograph 7.

Photograph 8.

Photograph 9.

Collapsed house on eroding streambank along the Cimarron River in Logan
County, Oklahoma (March 1998). Photograph courtesy of Kathy Schmidt. .....

A portion of a house has fallen into the Cimarron River in Logan County,
Oklahoma (March 1998). Photograph courtesy of Kathy Schmidt. ..................

House hanging 18 feet over the Clark Fork River in Sanders County, Mortana,
after the river eroded its bank in May 1997. Photograph by Michael Gallacher

Duck Creek in Las Vegas, Nevada, after the July 8, 1999, storm. The stream
eroded the railroad bridge foundation. Bank retreat reached the house behind
the bridge. Photograph courtesy of Leslie Sakumoto..........ccccceevereiencerceeenne.

Duck Creek just upstream of the railroad bridge. The house foundation has
been damaged although the bank has not fully collapsed. Photograph
courtesy Of Leslie SAKUMOLO. .........ccuvvieriereiisesie e e see e seeseeee e eeneenes

Mobile home destroyed after bank collapse in Flamingo Wash during the July
8, 1999, flood in Las Vegas, Nevada. Photograph courtesy of Leslie
Y= (U 0 100

Trailer park destroyed due to erosion in Flamingo Wash during the July 8,
1999, flood in Las Vegas, Nevada. Sedimentation substantially closed one of
the spans of the bridge on the right. Photograph courtesy of Leslie Sakumoto.

Satellite image of the Missouri River floodplain near Glasgow, Missouri. The
green area shows the channel in 1879. The light yellow area corresponds to
the present day channel. Photograph by USGS. .........cccccevvvvvevccecceceecee,

Mass failure of streambank caused by minor flooding evert. ...........cccceevvenene

...... 2

...... 2

...... 5

...... 9
35




Report Preparation

In reponse to the National Flood Insurance Reform Act of 1994, Section 577,
this report was prepared by the Hazards Study Branch, Technical Services
Division, Mitigation Directorate, FEMA.

Xi



Acknowledgements

The project team expresses sincere thanks to the following persons who assisted in the review of
this report:

Project Working Group (PWG)

Nani Bhowmik, Ph.D., Hydrology Division, Ilinois State Water Survey, IDNR, Champaign, Ilinois.
Dan Bunting, Regional Building Department, Colorado Springs, Colorado.

Howard Chang, Ph.D., San Diego State University, San Diego, California.

David Froehlich, Ph.D., Parsons Brinckerhoff, Morrisville, North Carolina.

Jonathan Fuller, P.E., P.H., JEFuller/Hydrology & Geomorphology, Inc. Tempe, Arizona.

Doug Hamilton, P.E., Exponent, Inc., Irvine, California.

Tom Hegemier, Raymond Chan and Associates Inc., Austin, Texas

Peter Lagasse, Ph.D., Ayres Associates, Fort Callins, Colorado.

Tim Morrison, Floodplain Management Section, Pima County Department of Transportation and
Flood Control District, Tucson, Arizona.

Robert Mussetter, Ph.D., Mussetter Engineering Inc., Fort Collins, Colorado.
John Parker, Ph.D., U.S. Geological Survey, Tucson, Arizona.
Mark Vian, New York City Department of Environmental Protection, Shokan, New York.

Alan Wald, Washington State Department of Ecology, Olympia, Washington.

Xii



1 CAN'T BELIEVE
YOU GOT S0CH A
AREAT DEALON
WATERFRONT

| PROPERTY/

I'M AFRAID
TO LOOK!

w

WHATY
IN THE
OTHER

‘PanIasay S Iy

U} 'S30IAIAS BIPOW SUNGLL 666G

Xiii



Executive Summary

This Riverine Erosion Hazard Area (REHA) mapping feasibility study addresses requiremerts in
the National Flood Insurance Reform Act (NFIRA) enacted in September 1994. Section 577 of
NFIRA requires that FEMA submit a report to Congress that evaluates the technological
feasibility of mapping REHAs and assesses the economic impact of erosion and erosion mapping
on the National Flood Insurance Program (NFIP). The purpose of this study is to determine
whether it is technologically feasible to map riverine erosion hazard areas.

Section 577 of NFIRA has specifically defined an erosion hazard area as follows:

Erosion hazard area means, based on erosion rate information and other
historical data available, an area where erosion or awvuision is likely to result in
damage to or loss of buildings and infrastructure within a 60-year period.

In the context of this study, erosion is the removal of a volume of sediment from a stream reach.
However, in riverine areas, a stream reach can be stable and still migrate back and forth.
Channel instability occurs when natural or man-induced processes lead to excessive erosion or
deposition. Therefore, when a stream migrates laterally but maintains its dimensions, pattern,
and profile, stability is achieved even though the river is “active” and moves across the floodplain.
For this study, a reach experiencing this type of lateral migration is considered to be “eroding,”
and thus has an associated REHA. This is because stream migration can threaten buildings and
infrastructure.

Technological feasibility is defined as existence of:

Methodologies that are scientifically sound and implementable under the NFIP.
Scientific soundness means that the methodologies are based on physical or
statistical principles and are supported by the scientific community.
“Implementable” means that the approaches can be applied by FEMA as part
of a nationwide program under the NFIP and for an acceptable cost.

In the present study, the project team conducted a search of existing methodologies used to
predict riverine erosion, with emphasis on case studies. In general, case studies were
categorized as:

1.  Geomorphic methods - relying primarily on historic data and geomorphic investigations;

2. Engineering methods - relying primarily on predictive equations based on engineering and
geomorphic principles; and

3.  Mathematical modeling methods - relying primarily on computer modeling of fluvial
processes.

A Project Working Group (PWG) of experts in the field of riverine erosion was organized. Their
functions were to provide guidance to FEMA on technological feasibility of mapping REHAs, to
act as an information source to locate and select case studies, and to review and comment on
reports prepared during the study. The PWG included a nationwide mix of individuals from
academia; Federal, State, regional and local government; and the private sector.

Based on the literature review, case study analysis, and input from the PWG, methodologies for
analyzing and mapping REHAs were identified. A determination on technological feasibility was
reached.
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Using cost data associated with existing case studies, the study team estimated the approximate
unit cost (i.e., cost per river mile) of conducting riverine erosion hazard studies and adding the
areas to existing Flood Insurance Rate Maps (FIRMs). The study team estimated the
approximate overall costs for conducting studies and mapping the riverine erosion hazard areas
nationwide.

Riverine Erosion

Fluvial systems respond to perturbations that may be the result of naturally occurring inputs, such
as precipitation, or human intervention in the form of urban developmert, forestry, mining, flow
diversions, flood regulation, navigation, and other activities. Complex physical processes whose
mathematical characterization is still imperfect govern the response, although there is reasonable
qualitative understanding of the nature of this response. The basic premise is that streams are
constantly attempting to attain a state of balance involving their geometry (dimensions, pattern,
profile), the properties of the bed and bank material, and the external inputs imposed. The
process to achieve this state of equilibrium can span long periods and affect large areas.

In the context of riverine erosion hazard areas, engineers are mostly concerned with migration of
the channel alignment and various forms of erosion and deposition. These events can potertially
occur in any stream environment but are often most dramatic in arid and semi-arid regions where
the large sediment yields and the flashy character of floods can cause severe changes in channel
corffiguration.

Numerous factors affect the spatial and temporal response of a stream channel. These factors
encompass various aspects of geomorphology and fluid mechanics and include fluid properties,
sediment characteristics, discharge, sediment transport, channel geometry, and fluid velocities.
The behavior of these variables depends on the time scale under consideration: short term, long
term, and very long (geologic) term. For example, channel geometry can be considered relatively
constant in the short term of a few weeks but highly variable in the geologic time frame.

For most practical applications, engineers are interested in phenomena that take place in the
short and long term; thus, certain variables can be considered independent. For instance, in the
geologic time frame, valley slope is a function of geology and climate; however, short- and long-
term channel formation processes occur at a much faster rate, and valley slope can be
considered independent in many instances. For short and long term analyses, it can be assumed
that the discharge regime and sediment supply are the driving variables that act on channel
boundaries and vegetation to produce changes in channel cross section, longitudinal profile, and
alignment.

Erosional and depositional processes in alluvial channels are defined as follows:

Degradation: Lowering of the channel bed on a substartial reach length occurring
over a relatively long period of time in response to disturbances that
affect general watershed conditions, such as sediment supply, runoff
volume, and artificial channel controls.

Aggradation: Raising of the channel bed as a result of disturbances in watershed
conditions that produce the opposite effect to those leading to
degradation.




General Scour: Lowering of the streambed in a general area as a consequence of a
short-duration event such as the passage of a flood. Examples are
the erosion zones near bridge abutments and those in the vicinity of
gravel pits.

Local Scour: Lowering of the bed due to localized phenomena such as vortex
formation around bridge piers.

Deposition: Raising of the streambed due to a specific episode. An example is
the formation of a sand bar after a flood event. Deposition is used in
this document as the counterpart to general scour.

Lateral Migration: Shifting of the streambank alignment due to a combination of the
above vertical erosional and depositional processes. The most
common example is meander migration in the floodplain. Bank retreat
due to mass failure is another example.

Vertical variations in the streambed are additive in that the net change is the result of long- and
short-term processes. For instance, a reach that is undergoing aggradation due to increased
sediment yield from the watershed can also experience general and local scour as a
consequence of flood events.

Streams are constantly progressing towards a state of dynamic equilibrium involving water and
sediment. The geometry of the stream undergoes adjustments so that the sediment transport
capacity of the water is in balance with the sediment supply. Natural and artificial factors can
upset this state of equilibrium. Earthquakes, large floods, climatic changes, urbanization, and
construction of civil works in the waterway introduce changes in the sediment supply and amount
of runoff reaching the stream. For example, development in the watershed typically increases the
impervious area and hence the volume of runoff. Similarly, clear-cutting of forests increases the
sediment yield to the stream. Dams trap sediment and have a regulating effect that increases
low flows and reduces high flows. Channelization projects reduce channel length and therefore
increase slopes. Diversions for irrigation or public water supply reduce the effective flows.
Finally, an event such as a large flood can dramatically reshape the floodplain and increase
channel width.

Evaluation of Channel Changes

Mathematical representation of fluvial fluid mechanics is difficult due to imperfect knowledge of the
complex physical phenomena involved. The many attempts to modeling of fluvial processes have
shortcomings largely due to the fact that sediment transport equations commonly overpredict or
underpredict sediment loads by orders of magnitude of actual measured sediment transport
rates.

Some analysis methods are based on the hypothesis that the stream system tends toward a
state of dynamic equilibrium in which the channel adjusts to changes in the water and sediment
supply regimes. These methods include simple equations called "regime relationships,"
techniques based on mechanical stability conditions, and complex computer models. These
equilibrium-based approaches have difficuities in accounting for ever-changing land use
conditions.

In addition to fluvial processes, numerous climatic, environmental and geotechnical factors are
involved. Hydrodynamically induced erosion and deposition and the occurrence of mass failure of
the streambanks drive channel cross sectional changes. Induced effects include changes in




roughness, bed material composition, vegetation cover, and planform. Prediction of cross
sectional adjustments can only be accomplished for site-specific conditions after the most
significant geomorphological factors have been idertified. Therefore, any prediction of channel
geometry should be based on sound field observations.

Literature Review

Of several hundred pieces of literature, 108 articles and reports were evaluated to compile
methods currently in use to predict channel changes. Of this set, the following 12 case studies
were selected for detailed review:

Case Study Tite Location

AMAFCA Sedimentand Erosion Design Guide Albuguergue, New Mexico
Inventory and Analysis of Stream Meander Problems in Minnesota 14 streams in Minnesota

A Probabilistic Approachto the Special Assessmert of River Channel Rilito Creek, Near Tucson, Arizona
Instability

Geomorphology and Hydrology of the Santa Cruz River, Southeastem Santa Cruz River basin, Arizona
Arizona

San Diego County Allval Studies San Diego County, Califomia

City of Austin Technical Procedures for Watershed Erosion Assessments Austin, Texas

River Stability Study, Virgin River, Santa Clara River and Ft. Pierce Wash, Virgin River, Santa Clara River, and Ft.
Vicinity of St. George, Utah Pierce Washbasins, Utah

Hydrologic and Geomorphic Studies of the Platte River Basin, Nebraska Platte River basin, Nebraska

Streambank Erosion Along Two Rivers ih lowa East Nishnabotna River and the Des Moines
River, lowa

Channel Migration Studies in King County, Washington Snoqualmie, Tolt, Raging, and Green Rivers,
King County, Washington

Bank Erosion Field Survey Report of the Upper Mississippi River and linois ~ Upper Mississippi River and llinois
Waterway Waterway, Minnesota, Wisconsin, lowa,
linois, and Missouri

Arizona Standards for Lateral Migration and Channel Degradation Arizona (statewide)

In assessing the technical feasibility of mapping REHAs, each case study was analyzed for
applicability, limitations, potential for mapping riverine erosion, cost, and regulatory potential.
These documents revealed that numerous techniques are currently in use covering geomorphic
methods, basic engineering principles, and mathematical modeling. This diverse collection of
techniques is necessary because of the uniqueness of each site and to address the objectives of
the specific projects.

Assessment of Technical Feasibility

The case studies indicate that there are scientifically sound procedures for delineating riverine
erosion hazard areas. Various geomorphic, engineering, and modeling procedures can be
applied, depending on site-specific conditions. Specialized knowledge and experience are
needed to draw conclusions that would lead to delineation of a hazard area.

A time frame of 60 years has been specified in Section 577 of NFIRA as the interval of interest
for delineation of riverine erosion hazard areas. Although it is feasible to use the specified 60-
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year time frame, the case studies and the opinions of the PWG indicate that existing techniques
may be better suited for shorter time frames, e.g., 30 years with periodic revisions to the
particular REHA study and delineation. This limitation arises from data inaccuracies, imperfect
knowledge of sediment transport mechanics, and unknowns in future watershed development,
hydrologic conditions, and magnitude and sequence of future flooding events. However, most
structures have a useful life well over 30 years and predictions should somehow address a longer
time span.

Given a suitable time frame, future erosion could be estimated either extrapolating from historic
data or through the use of mathematical models. In both cases, an estimate of the reliability of
the prediction needs to be provided.

Cost

An approximate analysis was performed to estimate the total cost to the Federal government of
mapping riverine erosion hazard areas. The sources of cost data include information provided by
the PWG, costs reported in the case studies, FEMA reports and other literature, and cost data
from previous studies performed by the project team members. The data are not sufficient to
make reliable nationwide cost estimation; however, they can be used to perform an educated
guess for total costs.

Average study values are $2,000-$3,000 per mile for geomorphic methods, $6,000-$7,000 for
engineering methods, and $10,000-$12,000 for mathematical modeling methods. If this effort
were to be implemented as part of the NFIP, the cost to the Federal government would be
between 200 and 300 milion dollars. Section 577 of NFIRA specifies that, if REHA determination
is found to be technically feasible, a cost-benefit study is to be conducted. The current study
does not include these cost-benefit analyses.

Implementation

There are at least two potential options for implementation of a nationwide REHA delineation
program: a federally run program and a locally run program. The federally run program would be
integrated into the NFIP. The fundamental principle of this first option is to expand the current
floodplain regulations to encompass riverine erosion. This option emphasizes authority from the
Federal government. The existing framework can be modified to accommodate the new
responsibilities of regulating erosion-prone areas. Disadvantages are the additional cost to the
Federal government and the challenge of dewveloping appropriate guidelines for REHA delineation
in a field that requires flexibility and accessibility to a wide array of analytical options.

The second option shifts the authority for regulating erosion-prone areas to the local jurisdictions.
Implementation would be tailored to suit individual floodplain management needs. The Federal
government would provide technical assistance, if required, and disseminate information. The
main advantage is that the communities would have the flexibility to match their resources and
needs with the complexity of the studies.

Conclusions

» It is technologically feasible to map riverine erosion hazard areas. Flexibility in the choice of
analysis techniques is needed to address site-specific conditions.

» REHA delineations for a period of 60 years are possible; however, better predictions may be
achieved for a shorter time span, such as 30 years, with periodic revisions.
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The analytical methods used should be able to provide an indication of the reliability of REHA
delineations.

Average study values are $2,000-$3,000 per mile for geomorphic methods, $6,000-$7,000
for engineering methods, and $10,000-$12,000 for mathematical modeling methods.

The cost of mapping REHAs nationwide ranges between approximately 200 and 300 million.
This estimate is based on limited information.

Implementation of erosion regulations can be either done as an extension of the NFIP or
delegated to local jurisdictions with support from the Federal governmert.
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1. Introduction

1.1. Description of the Problem

The National Flood Insurance Program (NFIP) administered by the Federal Emergency
Management Agency (FEMA) covers damages caused by flooding and flood-related erosion.
However, it does not cover damages caused by gradual (day to day) erosion. In fact, riverine
erosion is not considered in insurance rates or shown on Flood Insurance Rate Maps (FIRMs). It
was not urttil the Flood Disaster Protection Act of 1973 that Federal policy recognized the hazard
of erosion by adding protection for flood-related erosion.

This Riverine Erosion Hazard Area (REHA) mapping feasibility study was conducted in response
to requirements in the National Flood Insurance Reform Act (NFIRA) enacted in September
1994. Section 577 of NFIRA requires that FEMA submit a report to Congress that evaluates the
technological feasibility of mapping REHAs and assesses the economic impact of erosion and
erosion mapping on the NFIP. The purpose of this study is to determine whether it is
technologically feasible to map riverine erosion hazard areas.

Because riverine flood damage assessments generally consider inundation alone, the potential
flood-related damages for rivers in arid and semi-arid regions may be significantly underestimated
(Graf, 1984; NRC, 1999). Despite this observation, bank erosion along alluvial channels, caused
by moderate or large non-flood (within channel) flows, is not recognized as a significant hazard in
Federal floodplain management regulations. Several photographs below show various locations
in the country where riverine erosion has caused substartial damage to buidings and
infrastructure. In some of the cases, the areas were marked as not subject to flooding in FIRMs.

The delineation of floodplains has generaly been based on the application of established
methodologies of hydrology and hydraulics for channels with fixed boundaries. In general,
floodplain management and mapping have only relatively recently given more attention to the role
of sediment and geomorphic and geologic controls on channel form and stability.

1.2. Legislative History
The NFIP legislative cornerstones and connections to erosion are:

« National Flood Insurance Act, 1968

»  Flood Disaster Protection Act, 1973

»  Upton-Jones Amendment, 1988

« National Flood Insurance Reform Act, 1994
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Photograph 1. Collapsed house on eroding streambank along the Cimarron River in Logan
County, Oklahoma (March 1998). Photograph courtesy of Kathy Schmidt.

Photograph 2. Aportion of a house has fallen into the Cimarron River in Logan County,
Oklahoma (March 1998). Photograph courtesy of Kathy Schmidt.
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1.2.1. National Flood Insurance Act (NFIA), 1968

Federal involvement in non-structural means to decrease flood losses was relatively minor urtil
the enactment of the National Flood Insurance Act (NFIA) of 1968. The NFIA created the NFIP
“to provide the availability of flood insurance, at actuarial premium rates, in communities which
adopt and enforce floodplain management ordinances that meet minimum NFIP requirements”
(FEMA, 1991). However, the first few years after passage of the NFIA of 1968 saw community
participation and sales of flood insurance policies disappointingly low (Mrazik and Kinberg, 1989).
Then, in 1972, Tropical Storm Agnes caused Congress to re-examine existing Federal policies
under the NFIP (Crowell, et al., 1999).

Photograph 3. House hanging 18 feet over the Clark Fork River in Sanders
County, Montana, after the river eroded its bank in May 1997. Photograph by
Michael Gallacher.
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1.2.2. Flood Disaster Act of 1973

The repercussions caused by Tropical Storm Agnes provided the impetus for the formulation and
passage of the Flood Disaster Protection Act of 1973 (P.L. 93-234) (Miller, 1992). The Act
strengthened the NFIA and expanded the NFIP's coverage by requiring the purchase of flood
insurance as a condition of receiving Federal or federally backed financing for acquisition or
construction of structures in flood hazard areas.

1.2.3. Upton-Jones Amendment, 1988

The Housing and Community Development Act of 1987 authorized FEMA to provide insurance
payments under the NFIP for structures subject to imminent collapse due to erosion or
undermining caused by waves or currents. This legislation is commonly referred to as the Upton-
Jones Amendment, and FEMA is responsible for determining whether a structure is subject to
imminent collapse (FEMA, 1990).

The Upton-Jones Amendment was originally designed for application in coastal areas; however, it
does not exclude riverine areas, and claims have been made for structures along streams and
rivers. In coastal areas, where average annual erosion rates are established, a structure that lies
within 10 feet plus 5 times the annual erosion rate from an existing reference feature, such as a
beach scarp or bluff crest, is defined as being within the zone of imminent collapse. An attempt is
made to apply the same criterion to riverine areas; however, historic bank change information is
often unavailable.

In 1990, FEMA implemented a simple criterion for assessing stream bank and bluff stability in
areas where no historical information was available. The purpose was to establish a procedure
for determining if a structure lies within the zone of imminent collapse given limited information
about the site. The procedure classifies a given slope as either stable or unstable, and
determines the potential failure plane location if the bank were to fail. Given the height of the
slope, angle of inclination, distance of the structure from the shoulder of the slope, soil strength,
and the soil's angle of internal friction, these two criteria can be determined (FEMA, 1990). In
summary, if the slope is stable, the structure is outside the zone of imminent collapse. If the slope
is unstable, and the structure lies within the potential failure plane, it is said to be within the zone of
imminent collapse and eligible for benefits of the UptortJones program.

The main purpose of the Upton-Jones Amendment was to provide funds for pre-flood mitigation
activities to reduce future flood losses. However, review of the Upton-Jones claims history
demonstrates that the program failed to generate interest; few insured eligible for Upton-Jones
payments were applying for benefits. Moreover, although the internt of the Amendment was to
encourage relocation and ultimately save money for the NFIP, most homeowners opted for
demolition payments, thereby increasing expenditures to the NFIP (Davison, 1993).

The Upton-Jones Amendment allowed claims for structures subject to imminent collapse due to
bank erosion caused by waves and currents. Of the approved riverine Upton-Jones claims filed
from May 1988 to December 1994, there was a total settlement of $3,200,000 and an average
settlement of $43,000 (FEMA, 1998). Approximately 60 percent of these claims are from the
southwest and northwest United States The Streambank Erosion Control Evaluation and
Demonstration Act (SECEDA) of 1974 report (USACE, 1981) confirms that these areas are
particularly vulnerable to riverine erosion and comprise approximately half of the estimated annual
damages due to erosion.
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Photograph 4. Duck Creek in Las Vegas, Nevada, after the July 8, 1999, storm. The stream eroded the
railroad bridge foundation. Bank retreat reached the house behind the bridge. Photograph courtesy of
Leslie Sakumoto.

Photograph 5. Duck Creek just upstream of the railroad bridge. The house foundation has been damaged
although the bank has not fully collapsed. Photograph courtesy of Leslie Sakumoto.
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Photograph 6. Mobile home destroyed after bank collapse in Flamingo Wash during the July 8, 1999,
flood in Las Vegas, Nevada. Photograph courtesy of Leslie Sakumoto.

R

Photograph 7. Trailer park destroyed due to erosion in Flamingo Wash during the July 8, 1999, flood in Las
Vegas, Nevada. Sedimentation substantially closed one of the spans of the bridge on the right. Photograph
courtesy of Leslie Sakumoto.
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1.2.4. National Flood Insurance Reform Act (NFIRA), 1994

When Congress enacted the Upton-Jones program into law, it was meant to be an interim
program that would stay in effect until a more comprehensive erosion management program was
legislated by Congress. As a result, between 1990 and 1994 a number of Congressional
proposals were introduced that would have established erosion management authority under the
NFIP and would have required FEMA to map erosion hazard areas for the entire Coastal and
Great Lakes shorelines. Some proposals would have denied the availability of flood insurance for
new or substantially improved structures located in 30-year erosion hazard areas; others would
have made flood insurance available in erosion hazard areas, but at actuarial rates. These
proposals were extensively deliberated, but ran into considerable opposition from real estate,
developer, and property rights advocates who strongly opposed any form of erosion mapping or
erosion-based insurance rate modifications that could potentially devalue or restrict use of
property. As a result, none of the proposals were enacted (Davison, 1993). Utimately, a
compromise proposal was formulated between proponents and opponents of an FIA-
administered erosion management program.

The compromise proposal required that FEMA study the issue of erosion mapping and erosion-
based insurance modification, rather than mandate immediate change to the NFIP. This proposal
was included in the National Flood Insurance Reform Act, which was enacted into law on
September 23, 1994. Inthis Act, Section 577, Evaluation of Erosion Hazards, authorizes that the
FEMA “Director may map a statistically valid and representative number of communities with
erosion hazard areas throughout the United States, including coastal, Great Lakes, and , if
technologically feasible, riverine areas.”

The major goals of Section 577 are to 1) list the communities likely to be identified as having
erosion hazard areas, 2) estimate the number of flood insurance claims under the NFIP that are
attributable to erosion, 3) determine the amount of flood insurance claims under the NFIP that are
attributable to claims under the UptorrJones program, 4) assess the full economic impact of
erosion on the National Flood Insurance Fund, and 5) determine the costs and benefits of
mapping erosion hazard areas.

A distinction was made between open coast erosion and riverine erosion due to differences in
the magnitude of these problems, and the physical processes involved. FEMA has been directed
to map a statistically valid and representative number of communities with erosion hazard areas
along the open coasts of the United States. An economic analysis has been conducted to
determine the costs and benefits of mapping such areas based on actual and projected flood
insurance claims attributable to coastal erosion. A similar economic analysis may be required for
riverine sites, if mapping such areas is found to be technologically feasible.

This project was conducted to determine the technological feasibility of mapping REHAs for
communities within the United States.

1.3. Extent of the Problem

In recognition of the serious economic losses occurring throughout the United States due to
stream bank erosion, Congress enacted The Streambank Erosion Control Evaluation and
Demonstration Act (SECEDA) of 1974 (Section 32, Public Law 93-251), which authorized $50
milion for a national demonstration program. The U.S. Army Corps of Engineers (USACE)
conducted this program. One of the purposes of this program was to evaluate the extent of
streambank erosion in the United States SECEDA is one of the few initiatives that attempt to
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assess the erosion problem on a national level; therefore, the lessons learned from this Act are
esserntial in determining if technologically feasible erosion prediction techniques are possible on
this scale. However, the main focus of the SECEDA report, bank protection methods, differs
from the purpose of the present study. Also, the SECEDA report (USACE, 1981) is 25 years
old, and there have been significant advances in technology. In addition, urbanization in the last
25 years has had an impact on the predicted number of bank mies affected. Due to
urbanization, formerly stable channels become unstable as a result of increased flood peaks
and/or flow volumes and reduced sediment loads (NRC, 1999).

Approximately one-third of the nation’s streams experience severe erosion problems, and
landslides and mudslides are commonplace in some areas (NRC, 1999). As stated in the
SECEDA report, there are approximately 7 milion streambank miles in the United States, of
which 8 percent or approximately 600,000 miles, are experiencing at least some degree of
erosion (USACE, 1981). Of the 600,000 miles of eroding stream, approximately 142,000 bank
miles (2 percent of the total bank miles) are experiencing extensive erosion. Due to rapid
urbanization, especially for rivers with smaller watershed areas, the actual figure for bank erosion
mileage could be significantly higher. The average damage per year of extensive erosion-related
damage is approximately $450 million (in 1998 dollars), or approximately $3,000 per bank mile
per year (USACE, 1981). Of this damage, over half is experienced in the southwest and
northwest. It is important to note that the southwest is one of the most rapidly growing areas in
the United States Cities such as Tucson, Phoenix, Las Vegas, and cities in southern California
have documented problems associated with REHAS.

One of the most important lessons learned from the SECEDA is quoted as follows (USACE,
1981):

Prediction of when, where, and extent of streambank erosion and/or bank
instability remains clouded. The forces contributing to streambank instability
are generally known and understood; however, application of these principles
to the real world are complicated by the many processes acting
simuttaneously throughout a given river reach.  Streams displaying very active
tendencies to erode their banks often seem to reverse themselves and display
periods of relative stability.

Since the USACE report was published, there have been many advances in the field of river
mechanics, some of which are compiled in publications such as the Arizona Design Manual for
Engineering Analysis of Fluvial Systems (Simons, Li & Associates,1985) and the AMAFCA
Sediment and Erosion Design Guide (Musseter, et al.,1994).

Section 577 of NFIRA has specifically defined an erosion hazard area as follows:

Erosion hazard area means, based on erosion rate information and other
historic data available, an area where erosion or awuision is likely to result in
damage to or loss of buildings and infrastructure within a 60-year period.

In the general context of this study, “erosion” is defined as the removal of a volume of sediment
from a stream reach. However, in riverine areas, a stream reach can migrate back and forth
without necessarily resulting in a sediment deficit for the reach. For example, a channel can have
stable dimensions even though the stream is migrating laterally at a fairly constant annual rate.
Thus, the amount of sediment entering the reach is about equal to the amount of sediment exiting
it, with no net erosion occurring within the reach. Channel instability occurs when natural or man-
induced processes lead to excessive erosion or deposition. Therefore, when a stream migrates
laterally but maintains its dimensions, pattern and profile, stability is achieved even though the river
is “active” and moves across the floodplain. Photograph 8 shows a satellite image of the
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Missouri River floodplain near Glasgow, Missouri. The green area corresponds to the channel in
1879. The light yellow area is the present day channel. The area in between the two channel
positions experienced erosion at some poirt after 1879. The current channel has been stabilized
with revetments that prevent further migration.

Photograph 8. Satellite image of the Missouri River floodplain near Glasgow, Missouri. The
green area shows the channel in 1879. The light yellow area corresponds to the present day
channel. Photograph by USGS.

For this study, a reach experiencing this type of lateral migration is considered to be “eroding,”
and thus has an associated REHA, even though it is simply migrating back and forth. This is
because such stream migration can significantly threaten buildings and infrastructure.
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Floodprone areas are determined according to national standards, which assume a stable
channel. Computer programs used for floodplain studies, such as HEC-RAS, do not include the
effect of moveable boundaries, varying erosiveness of bed and bank materials, and sediment
transport, which is typical of alluvial streams. Therefore, additional interdisciplinary techniques
based on the principals of fluvial geomorphology and hydraulic engineering must be considered
for use in floodplain management studies aimed at REHA mapping.

Changes in alluvial channels can be dramatic. The Santa Cruz River, an ephemeral river in
southeastern Arizona, has a long history of channel instability. Since the late 19th century, lateral
channel erosion has caused extensive property damage, particularly in Pima County. During the
1983 flood, 13 people died and about $100 milion of damage was caused in the Tucson area
alone (Kressan, 1988). Most of the 1983 flood damage resulted from bank erosion on the Santa
Cruz River and its tributaries, rather than inundation from over-bank flow. From 1982-84, the
area of floodplain occupied by the channel along certain reaches has increased up to 137 percent
(Hays, 1984).

Allwvial channels in the Tucson basin have exhibited lateral bank migration, which caused land
outside the designated 500-year floodplain to collapse into the channel (Kressan, 1988).
Documented shifts in Rillito Creek of nearly 1,000 feet have occurred since the 1940s (Kressan,
1988). Bark erosion can also be a significant hazard, even for moderate to large non-flood flows
along the alluvial channels, such as those in the Tucson basin.

Incised channels, such as the Santa Cruz River, present special problems in the interpretation of
the flood hazard. Entrenchment occurs from entrainment and transport of alluvial materials by
channel erosion. As a result, channels are frequently so deep that floods with recurrence
intervals greater than 100 years are required for overflow. The geomorphic complexity of such
alluvial streams creates difficulties for implementing Federal floodplain regulations that are based
primarily on flooding. In fact, channel changes, such as meander migration and bank erosion,
may constitute a greater hazard than overbank flow in some areas.

In response to the 1983 flood, Pima County passed a revised floodplain management ordinance
with a setback provision for structures on all property along unprotected channel banks for major
river courses. In addition, recognizing riverine erosion as a statewide concern, the State of
Arizona Department of Water Resources has adopted standards for identification of and
development within erosion hazard areas (see Chapter 4). The state standards establish
procedures for estimating setback distances for development along watercourses to allow for the
lateral migration that may occur during future floods (Simons Li & Associates, 1984, 1985).
Setbacks in naturalistic channels can provide protection to adjacent property similar to that
provided by hard-lined channels.

1.4. Purpose and Scope of the Study

1.4.1. Purpose

The purpose of this study is to determine the technological feasibility of mapping REHAs for
communities within the United States. Technological feasibility is defined as existence of:

Methodologies that are scientifically sound and implementable under the NFIP.
Scientific soundness means that the methodologies are based on physical or
statistical principles and are supported by the scientific community.
“Implementable” means that the approaches can be applied by FEMA as part
of a nationwide program under the NFIP and for an acceptable cost.
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1.4.2. Scope
The study included the following tasks:

Task 1 - Literature Search and Case Study Analysis

The study team conducted an in-depth search of existing methodologies used to predict riverine
erosion. The following groups were contacted:

» Federal agencies

«  State authorities

» Regional agencies

»  Research universities

e Private firms

»  Professional organizations
»  Local government agencies

The information was collected, categorized, and compared. Emphasis was placed on the critical
review of existing case studies. In general, case studies were categorized as:

1. Geomorphic methods - relying primarily on historic data and geomorphic investigations;

2. Engineering methods - relying primarily on predictive equations based on engineering and
geomorphic principles; and

3. Mathematical modeling methods - relying primarily on computer models.

Critical technical issues were identified related to frequency, statistics, definitions, data availability,
data collection, and data accuracy and interpretation.

Task 2 - Establish the Project Working Group

A Project Working Group (PWG) of experts in the field of riverine erosion was organized. The
responsibilities of the PWG were to provide guidance to FEMA on issues of technological
feasibility of mapping REHAS, act as an information source to locate and select case studies, and
review and comment on reports prepared during the study. The PWG included a mix of
individuals who have similar expertise and come from throughout the United States representing
academia; Federal, state, regional and, local government; and the private sector. The members
of the PWG are cited in the acknowledgments.

Task 3 - Input from the PWG

Input from the PWG was solicited via the Internet and/or teleconference. Specific tasks
conducted by the PWG were to:

1. Review the preliminary restits of the literature search.

2. ldentify other methodologies or new advancements and future research needs in riverine
erosion studies.

3. Discuss major technical issues identified in Task 1.

4. Discuss the technologically feasibility of preparing REHA studies and identifying conditions
and limitations for these studies.
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Task 4 - Selected Methodologies

Based on the literature review, case study analysis, and input from the PWG, various
methodologies were identified for analysis and mapping of REHAS.

Task 5 - PWG Review

A series of teleconferences were conducted to discuss the technological feasibility of mapping
REHAs. Prior to the teleconferences, the PWG received reports for review and comment. The
overall objective of determining the technological feasibility of mapping REHAs was addressed by
the PWG at these times.

Task 6 - Unit Costs of Riverine Erosion Hazards

Using cost data associated with existing case studies, the study team estimated the approximate
unit cost (j.e., cost per river mile) of conducting riverine erosion hazard studies and adding the
areas to existing FIRMs.

Task 7 — Select Study Areas and Estimate Number of Communities Affected

An approach for selecting study areas was recommended. A preliminary estimate of the number
of studies and affected map panels was conducted for all participating communities covered by
the NFIP.

Task 8 - Overall Costs Within NFIP

The approximate overall costs for conducting studies and mapping the riverine erosion hazard
areas was estimated.

Task 9 - Prepare Report with Recommendations

This report was prepared.

1.5. Mapping of Riverine Erosion Hazard Areas

Mapping of riverine erosion hazards has a rather short history and has been done mostly at the
local level and for specific projects. The purpose of mapping areas associated with natural
hazards is to delineate zones and provide an assessmert of the relative risk to which structures
would be subject if they were located in such zones. In some cases, hazard-zone maps also
include information that can be used for hazard forecasting and monitoring. A variety of hazard-
zone maps have been developed and published in the United States for various natural disasters.
These hazard area maps include tornado maps, published by National Weather Senvice,
earthquake fault zone maps developed and maintained by the State of California, and FEMA's
FIRMs.

Riverine erosion hazards have not been defined consistently except for a few cases. An example
presented in Chapter 4 is the State of Arizona guidelines to define setbacks along erosion-prone
streams. Another example also described in Chapter 4 is the "Prudent Line" approach used in
Albuguergque, New Mexico, to define setbacks along arroyos. There have been other attempts at
mapping that identify locations potertially subject to erosion and define the relative risk of erosion
but do not specify the lateral extent of those risks. These relative measures of risk are of limited
use for regulatory purposes.

A viable methodology to characterize erosion hazards necessitates that the resulting maps allow
users to determine whether a structure in or near the floodplain will have a high probability of
being affected by erosion during its useful life. Therefore, the maps must show clearly defined
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areas in which, to the best information available, development must be regulated due to the
dangers expected from erosion. In summary, the test for applicability of a procedure is its ability
to determine REHAs and then be able to delineate them on a map so that those assets at risk
can be identified.

The main objective of this report is to determine if there are scientifically sound REHA delineation
procedures. An additional consideration is whether a feasible framework can be proposed to
develop erosion hazard maps on a nationwide scale. For this purpose, the report investigates the
state-of-the-art in riverine erosion hazard characterization and summarizes several intiatives to
develop erosion hazard maps and regulations. Chapter 2 presents background material on
riverine erosion, Chapter 3 describes the literature search to arrive at the information used in this
study, Chapter 4 describes 12 case studies in which various historical, engineering, geomorphic,
and numerical modeling methods were used to define erosion hazard areas. Chapter 4 also
analyzes the potential of such methods to develop hazard maps. Chapter 4 assesses the
technological feasibility of mapping REHAs. Chapter 5 presents an approximate cost analysis of
applying erosion characterization methodologies on a nationwide basis, and Chapter 6 discusses
regulatory aspects of mapping REHAs. Chapter 7 summarizes conclusions and
recommendations, and Chapter 8 lists the numerous references consuited in the development of
this document.
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2. Background of Riverine Erosion

Proper evaluation of erosion processes requires an understanding of the geomorphologic
variables affecting a fluvial system. This section provides a concise overview of fluvial processes
and their effects on channel formation, physical stream characteristics, response to watershed
changes, and riverine erosion and deposition. This section also summarizes key research and
references that have addressed the topic of characterization of riverine erosion problems.

2.1. Fluvial Systems

A watershed is a complex drainage system in which streams are the final receptors of water and
sediment. In general, this drainage system has three zones (Schumm 1977; USACE, 1994):

1. The erosional zone is the upper portion of the watershed, which is the source of most of the
water and sediment. Streams in this zone are rather unstable and may present a braided
pattern.

2. The sediment transport zone is the middle part of a stream where a state of dynamic
equilibrium tends to develop. Nevertheless, changes could be significant.

3. The deposttional zone is the lower portion of the stream where it is subject to the influence of
the water body into which it empties. A delta typically forms in this zone.

Figure 2.1 shows a schematic of the zones in a fluval system. Specific features can create local
deposttional areas in the upper zone or local erosional areas in the lower zone. An example is an
alluvial fan that creates a depositional zone. Nevertheless, in the very long term, the tendency of
the stream is to flatten its channel slope by degradation in the upper reaches and aggradation in
the lower portions. Engineered features placed in the channel can drastically hasten the naturally
slow progression of processes. For example, a channelized portion of the stream increases the
slope and may trigger erosion and formation of bends and deposition in unchannelized areas .

Fluvial systems respond to perturbations that may be the result of naturally occurring inputs, such
as precipitation, or human intervention in the form of urban development, forestry, mining, flow
diversions, flood regulation, navigation, and other activities. Complex physical processes whose
mathematical characterization is still imperfect govern the response, although there is reasonable
qualitative understanding of the nature of this response. The basic premise is that streams are
constantly attempting to attain a state of balance involving their geometry (dimensions, pattern,
profile), the properties of the bed and bank material, and the external inputs imposed. The
process to achieve this state of equilibrium can span long periods and affect large areas.

In the context of riverine erosion hazard areas, engineers are mostly concerned with migration of
the channel alignment and various forms of erosion and deposition. These events can potentially
occur in any stream environment but are often most dramatic in arid and semi-arid regions where
the large sediment yields and the flashy character of floods can cause severe changes in channel
corfiguration. Similar behavior can occur in humid climate areas where rapid land use changes
take place.
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Figure 2.1. Zones in a fluvial system.

2.2. Factors Affecting Alluvial Channels

Numerous factors affect the spatial and temporal response of a stream channel. These factors
encompass various aspects of geomorphology and fluid mechanics and include fluid properties,
sediment characteristics, discharge, sediment transport, channel geometry, and fluid velocities.

The time scale is an important differentiator in the nature of fluvial changes. Schumm (1971)
called short-term “steady time” and associated it with duration of the order of days. Long-term
was labeled “graded time” spanning a few hundred years. Finally, very long-term was called
“geologic time,” and it is measured in milions of years. Depending on the time scale under
consideration, fluvial variables could be dependent or independent. For example, in the short-
term, sediment transport is a function of flow velocity, which in turn is a function of channel
geometry and discharge; therefore, sediment transport and wvelocity can be considered
dependent. However, in the long-term, both discharge and sediment transport are independent
because they are the result of watershed processes to which the river must adjust itself (Chang,
1988a). Table 2.1 shows a summary of these variables and their dependency according to time
scale.
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Table 2.1. Variables affecting alluvial channels and their dependency (Schumm, 1971; Chang,
1988). | = Independent; D = Dependent; X = Indeterminate.

Variable Status of Variable

Short-Term Long-Term Very Long-Term
(Steady Time) (Graded Time) (Geologic Time)

Geology | | |

Paleoclimate | |
Paleohydrology | |
Valley slope, width, and depth | |
Climate | |
Vegetation type and density | |
Mean water discharge | |
Mean sediment inflow | |
Channel morphology |

Observed discharge and load

X X X X X X X O O

X X 0O

Hydraulics of flow

For most practical applications, engineers are interested in phenomena that take place in the
short (steady) and long (graded) term; thus, certain variables can be considered independert.
For instance, in the very long (geologic) term, valley slope is a function of geology and climate;
however, short- and long-term channel formation processes occur at a much faster rate, and
valley slope can be considered independent in many instances. For the time scales under
consideration in this documert, the most significant relationships are depicted in Figure 2.2, which
indicates that channel geometry depends on discharge and sediment transport.

2.3. Channel Types

Various schemes have been developed over the years in an attempt to classify channels
according to broad morphological aspects. According to Leopold et al. (1964), channel patterns
were initially classified broadly as straight, braided or meandering. Despite its general
usefulness, this classification has limitations in describing channel shapes. For instance, it is
unlikely to find channels that are straight for more than a short distance; therefore, the term
“straight” is relative and should refer to sinuous, irregular alignments. An exception is a channel
controlled by fractured rock, which may actually show straight reaches along fractures and joints.
Even in straight reaches, the flow pattern is such that the flow lines move from one bank to the
opposite causing alternating point bars within the channel. Because of this natural tendency
towards a sinuous channel, the term “meandering” should be applied to streams that have a
relative periodicity in its planform; however, it is not easy to make this determination for all cases.
Leopold et al. (1964) defined straight channels in terms of the sinuosity, which is the ratio of
thalweg length to down-valley distance. Typical values of the sinuosity vary between 1 and 3. A
channel with a sinuosity of 1.5 or less is said to be straight.
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Figure 2.2. Relationships among variables for channel response (USACE, 1994).

Other classification systems were developed as the study of river geomorphology evolved and
more knowledge was acquired. Culvertson et al. (1967) created an alphanumeric system based
on variabilty of channel width, braiding patterns, sinuosity, natural levees, floodplain width,
vegetation, presence of oxbow lakes, meander type, and bank height. Brice (1983) introduced a
classification system based on sinuosity, presence of point bars, braiding, and anabranching
(Chang, 1988). Channels were classified as sinuous canaliform, sinuous with point bars, sinuous
braided, and nonsinuous braided. Other classification schemes were proposed by Rosgen
(1994, 1996) and Clark et al. (1995). The USACE (1994) developed the comprehensive system
summarized in Table 2.2.
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Stream
Type

Mountain
Torrents

Alluvial Fans

Braided
Rivers

Arroyos

Meandering
Alluvial
Rivers

Modified
Streams

Table 2.2. Stream classification system based on USACE (1994).

Description

High velocity streams on steep slopes with a drop-and-chute structure often
achieved by obstacles such as large boulders or debris. These streams are
subject to scour and degradation caused by flood events. Very steep slopes
can lead to debris flows that produce substantial movement of boulders and
gravel.

Occur usually in arid and semi-arid lands where a stream flowing through a
stream valley erters a flat area. The coarse sediment carried by the stream
deposits in a delta-like configuration characterized by muitiple channels subject
to shifting. The chief stability problem is caused by the unpredictability of the
flow paths, which may cause erosion and deposition in unexpected places.
Most recently, NRC (1996) defined allwvial fans as “a sedimentary deposit
located at a topographic break, such as the base of a mountain, escarpmert,
or valley side, that is composed of streamflow and/or debris flow sediments
and that has the shape of a fan either fully or partially extended.”

The main characteristic of these streams is a series of interlaced channels
defined by bars and islands. Braided streams often occur in upper and middle
zones of the watershed and usually involve gravel and cobbles, although
braiding may also occur in sands. Scour and deposition often cause shifting of
the main channel.

Present in arid and semi-arid lands, these are streams that remain dry most of
the time and carry flow only during flood events. Discharge and sediment
transport can be substantial during flow episodes. Incising channels, width
enlargement, and deposition are typical problems associated with arroyos.

These occur primarily in the middle and lower portion of the watershed. The
planform of the stream is characterized by meanders that erode the
streambark in the outer side of the bend and deposit material on the inner
side. Meanders may migrate in the floodplain and can often become cut off
periodically when two bends advance toward each other and curvature
becomes severe. Cut-off meanders become isolated features called "oxbow
lakes" that eventually fill with sediment. Traces of old meanders (scrolls) are
easily distinguishable in aerial photographs. Measures that alter the supply of
water or sediment have the potertial to change cross sections, planforms, and
gradients.

This term generically encompasses those streams whose natural
configuration has been modified by human intervention. These modifications
include straightening, channelizing, enlargement, and base level changes
caused by regulation of the receiving stream. Increased runoff from
surrounding development also results in modifications.
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Table 2.2. Stream classification system based on USACE (1994) (continued).

Stream
Type

Regulated
Streams

Deltas

Underfit
Streams

Cohesive
Channels

Description

Regulation of tributaries by upstream resenvoirs or diversions reduces flood
flows and increases baseflow. These changes in the flow regime translate
into altered morphological activity. If regulation facilitates sediment deposition
in the channel and vegetation growth, the stream cross section wil be
reduced. However, if the stream carries substantial sediment loads that
become trapped in the resenvoir, the stream may cause erosion downstream
of the dam.

These features occur on flat slopes of the lower portion of the stream where it
empties into relatively quiescent water such as the ocean or a lake. Sediment
deposition due to reduced velocity forces the river to split into distributaries
whose base level rises as the delta progresses into the water body. Deltas
also exhibit the formation of natural levees along the distributaries.

These are streams common in regions whose landscape formed as a resuit
of glacial activity. Underfit streams occur in wide valleys formerly shaped and
occupied by larger streams, usually the outlet to glacial lakes. Underfit
streams are also found in abandoned riverbeds or channels downstream from
resenvoirs. Flat slopes, low velocities, and established vegetation make
underfit streams generally stable.

These are channels cut in cohesive materials such as marine clays, sitted
lakes, and glacial till plains. In marine deposits, these streams behave
somewhat like meandering alluvial streams, although the meanders are flatter,
wider, more uniform, and usually more stable. In glacial till the planform tends
to be irregular.

2.4. Channel Form and Processes

Alluvial channels are characterized by movable bed and streambanks that change configuration
according to erosion and deposition phenomena. Therefore, these phenomena have a direct
effect on the geometry of the channel in that they can introduce changes in the cross section,
planform, longitudinal profile, and bed topography of the stream. Madification of these channel
features may occur at various rates depending on the intensity and variability of imposed
conditions and on the time scale under consideration. This section describes the characteristics of
these processes and their relationship to channel geometry.

2.4.1. Definitions

The determination of erosion hazard areas involves evaluation of several erosional and
depositional processes that take place either gradually over long periods or episodically during
isolated events. These processes are defined as follows (Simons, Li & Associates, 1985):

Degradation:

Lowering of the channel bed on a substantial reach length occurring
over a relatively long period of time in response to disturbances that
affect general watershed conditions, such as sediment supply, runoff
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volume, and artificial channel controls.

Aggradation: Raising of the channel bed as a result of disturbances in watershed
conditions that produce the opposite effect to those leading to
degradation.

General Scour: Lowering of the streambed in a general area as a consequence of a

short-duration event such as the passage of a flood. Examples are
the erosion zones near bridge abutments and those in the vicinity of
gravel pits.

Local Scour: Lowering of the bed due to localized phenomena such as vortex
formation around bridge piers.

Deposition: Raising of the streambed due to a specific episode. An example is
the formation of a sand bar after a flood event. Deposition is used in
this document as the counterpart to general scour.

Lateral Migration: Shifting of the streambank alignment due to a combination of the
above vertical erosional and depositional processes. The most
common example is meander migration in the floodplain. Bank retreat
due to mass failure is another example.

Vertical variations in the streambed are additive in that the net change is the result of long- and
short-term processes. For instance, a reach that is undergoing aggradation due to increased
sediment yield from the watershed can also experience general and local scour as a
consequence of flood events.

2.4.2. Geomorphic Characteristics

Streams are constantly progressing towards a state of dynamic equilibrium involving water and
sediment. The geometry of the stream undergoes adjustments so that the transport capacity of
the water is in balance with the sediment supply. As sediment is deposited, the newly created
terrain may be colonized by vegetation that contributes to the stability of the soil.

In earlier stages of the field of geomorphology, a stream that exhibited the ability to adjust itself
was called “graded” (Davis, 1902) to signify that there was a balance between erosion and
deposition. Mackin (1948) defined the “graded stream” as “one in which, over a period of years,
slope is delicately adjusted to provide, with available discharge and with prevailing channel
characteristics, just the velocity required for the transportation of the load supplied from the
drainage basin. The graded stream is a system in equilibrium; its diagnostic characteristic is that
any change in any of the cortrolling factors will cause a displacement of the equilibrium in a
direction that will tend to absorb the effect of the change.” These concepts have been
superseded, as more knowledge became available. For instance Leopold (1964) points to the
excessive emphasis on slope and the fact that lateral movement is also important but is
neglected. Nevertheless, the “graded stream” is the classical concept that expresses the idea of
equilibrium in rivers.  Although difficult to define, equilibrium is a condition that implies the ability of
the channel to adjust to changes in the independent variables (sediment load and discharge) and
to attain a stable cross-sectional and longitudinal geometry. As mentioned earlier, the concept of
equilibrium is relative to the time scale under consideration.
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Natural and artificial factors can upset this state of equilibrium. Earthquakes, large floods, climatic
changes, urbanization, and construction of civil works in the waterway introduce changes in the
sediment supply and amount of runoff reaching the stream. For example, development in the
watershed typically increases the impervious area and hence the volume of runoff. ~ Similarly,
clear-cutting of forests increases the sediment yield to the stream. Dams trap sediment and
have a regulating effect that increases low flows and reduces high flows. Channelization projects
reduce channel length and therefore increase slopes. Diversions for irrigation or public water
supply reduce the effective flows. Finally, an event such as a large flood can dramatically
reshape the floodplain and increase channel width.

Engineers are interested in predicting changes in stream geometry that could ensue from
modifications introduced elsewhere in the channel or the watershed. Thornes (1977) points to
several difficulties in obtaining reliable predictions. One is the fact that there are many ways in
which a channel can respond to change (indeterminacy). Another is that the same final
corfiguration can be the result of different sequences of phenomena (equifinality). Finally,
changes may induce streams to cross certain thresholds and completely alter their morphology.

Nevertheless, adequate predictions can be made using the “regime” concept, which states that,
for relatively constant discharges, channels reach a state of equilibrium where no net scouring or
deposition occurs. Natural streams are far from experiencing relatively constant discharges;
however, regime theory is still suitable for geomorphic analyses as long as the predictions are
applied to adjustments to equilibrium and not to the overall transient behavior (Chang, 1988).
Under this assumption, the discharge is assumed to be an independent variable affecting channel
variables such as width, depth, meander wavelength, and velocity.

An example of a tool for geomorphic analysis is the widely-used Lane Relationship (Lane, 1955),
which describes the state of equilibrium as

Qsd QS 1.1

Where Qs is the sediment discharge, d the median sedimert size, Q the water discharge, and S
the channel slope. A net increase in the left side of the relationship will cause aggradation.
Conversely, a net increase in the right-side product will lead to degradation. The state of
equilibrium can be viewed in two ways. The first is one in which the geometry is in balance with a
moving sediment discharge. The second is more applicable to cohesionless sand beds in which
the sediment is at the threshold of movement. However, both views imply that there is a
threshold that controls the channel geometry (Leopold, 1964).

The Lane Relationship does not include channel geometric parameters but still allows qualitative
analysis of channel response. For example, a reservoir raises the base level for the stream and
hence decreases the upstream slope. In consequence, aggradation must take place to restore
the original slope. Downstream from the dam, the sediment supply will be drastically reduced;
therefore, degradation will occur. The channel will become more sinuous to decrease the slope,
and the size of the sediment transported will increase (Chang, 1988).

Schumm (1969) used Lane’s and other “regime” relations to determine qualitative responses to
various changes in channel processes. These relationships are summarized in Table 2.3.
However, these are only general trends; channel response depends on numerous factors and
varies with the scale of the phenomenon.
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Table 2.3. Schumm'’s summary of channel responses (adapted from Chang, 1988).

Process B D F A S P
Qincreases alore (e.g., downstream of a treatmert plart) 1 1 1 1 1 1
Qdecreases alore (e.g., downstream a diversion) 1 ! 1 ! 1 1
Qsincreases alone (e.g., downstream of mining operations) 1 ! 1 1 1 1
Qsdecreases alore (e.g., afforestation or vegetation buffering 1 1 1 ! 1 1
along streams)

Qand Qsbothincrease (e.g., during urbanization) 1 T 1 1 Tl !
Qand Qsboth decrease (e.g., downstream of a resenvoir) ! Tl ! ! Tl 1
Qincreases and Qsdecreases (e.g., cimate change toward a T 1 ! T ! 1
more humid pattem)

Qdecreases and Qsincreases (e.g., imigation diversion plus I’ Tl 1 T 1 !
clearing for farming)

B =width; D = depth; F = Width/Depthratio; A = Meander wavelength; S = Slope; P = Sinuosity.
t =Increase; | =Decrease; 11 =Indeterminate

Table 2.3 indicates that, in general, width increases with aggradation and decreases in a
degrading channel. The trends shown in the table are generalizations that must be validated
using site-specific data. The trends also depend on the time scale involved. Analytical
determination of responses in width, depth, slope, and bank geometry must be conducted with
physically based relationships. Some of these relations are well known; for instance, friction
formulas such as Manning's formula can be used to determine flow depths. Other variables such
as channel width and planform are not so readily defined.

2.4.3. Planforms

Stream planform can vary in numerous complex patterns (Table 2.4). A comprehensive set of
possible configurations was presented by USACE (1994), developed after Mollard and Janes
(1984).

There have been many attempts to derive relationships between planform and other geometric
stream characteristics. Examples are the various equations relating meander wavelength and
amplitude to variables such as radius of curvature and stream bankfull width. In general, the
bankfull width is the top width resuiting from the channel-forming discharge. Some of these
expressions were later shown invalid for numerous situations (Chang, 1988). For instance,
Leopold and Wolman (1960) concluded that the radius of curvature of a meander r, was given by

r. =2.48 1.2)
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where B is the bankfull width. However, although derived from data ranging from laboratory
flumes to the Mississippi River, this expression appears to be valid only for developed meanders.
As an improvement, Hey (1976) presented an alternate relationship that included the arc angle
subtended by the meander curve. In another approach, Anderson (1967) used laboratory data
to relate meander wavelength to cross sectional area, Froude number, and discharge. However,
Edgar and Rao (1983) showed that the results were not applicable to field data. The conclusion
is that these types of relationships cannot be generalized for generic cases and that their
applicability must be closely examined before making any decisions based on their results.

Nevertheless, research efforts have been valuable in providing numerous observations throughout
the years that allowed drawing of useful qualitative relationships. For instance:

»  Braided rivers are usually shallow and wide and tend to exhibit a stable width of the braided
area,

« Meanders can migrate downvalley or undergo a periodic process of bed cut-off,
«  Extreme meandering patterns are associated with flat slopes and low width-to-depth ratios,

« The total length of a natural channel tends to remain constant. For example, subsequent
lengthening of other bends or creation of new meanders compensates bed cut-off.

Research indicates that, beyond these qualitative relations, a general methodology is not
available to predict planform changes in all physical settings. The most effective tools rely on
developing site-specific information based on observations conducted at various poirts in time.
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Table 2.4. Planform patterns (USACE, 1994).

CHANNEL TYPICAL TYPICAL BED AND
CHANNEL APPEARANCE TYPE ENVIRONMENT BANK MATERIALS
(@ Regular Lacustrine plain Uniform cohesive
serpentine meanders materials
(b) Regular sinuous
meanders
Tortuous or contorted Misfit stream in glacial Uniform cohesive
meanders, no cutoffs spillway channel materials
Downstream Sand-filled meltwater Slightly cohesive top
progression channel stratum over sands
Unconfined meanders | Sandy to silty deltas Slightly cohesive top
with oxbows, scrolled and alluvial floodplains | stratum over sands
Confined meandering Cohesive top strata Slightly cohesive top
over sand substratum stratum over sands
in steep-walled trench

Entrenched meanders

Hard till or uniform rock

Till, boulders, soft rock

Meanders within Underfit streams in Cohesive materials
meanders large glacial stream
spillways
Irregularly sinuous Thin till over bedrock in | Hard and softer
meanders plains materials
Wandering Foothills and mountain | Cobble-veneered sand
valleys
Anastomosing Foothills, plains, sand Sand and gravel
bed or gravel paved
rivers
Classical braided Glacial outwash, Sand and gravel
foothills
Irregular channel Large rivers in bedrock | Alternate sand, gravel
splitting and rock
Rectangular channel Jointed rocks, mostly Rock
pattern flat-lying sedimentary
rocks
R R Lakes and rapids (R) Till-veneered shield Till, cobbles, boulders,
e lake terrain hard rock
R
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2.4.4. Cross Section

The shape of cross sections depends on runoff, sediment yield, bed and streambank materials,
and vegetation. A stream in a state of dynamic equilibrium may exhibit relatively constant cross
sections that are substartially altered only by flood events of large magnitude. After these
infrequent episodes, the stream tends to recover its original configuration. Sustained erosion and
deposition are usually the resuit of a fundamental change in the fluvial system; for instance,
increased flows or sediment input. Figures 2.3 and 2.4 show the main mechanisms of cross
sectional changes.

The schemes in Figure 2.3 correspond to (a) widening without incision, (b) scour greater than
deposition in meanders, () erosion due to flow deflected by a growing bar, (d) catastrophic bank
failure due to instability caused by incision, and (e) erosion due to flow acceleration caused by
aggradation that reduces the flow area. In Figure 2.4, the mechanisms depicted correspond to
(a) formation of berms that are later colonized by vegetation, (b) deposition greater than scour in
meanders, and (c) abandonment of a secondary channel or anabranch, or attachment of bars to

the floodplain.
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Figure 2.3. Main mechanisms of cross sectional widening (adapted from ASCE, 1998a).
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Figure 2.4. Main mechanisms of cross sectional narrowing (adapted from ASCE, 1998a).

The spatial and temporal variability in the geometry of cross sections has a major influence in
hydraulic modeling and hence in floodplain delineation. Cross sections may be considered
relatively constant for low flows, but large differences may be present for greater flows. In
addition, cross sections may change significantly in a short distance. For example, a meandering
stream has a deep portion near the outer bend whereas the straight portions between meanders
are more uniform and shallower. Cross sectional changes may also take place in engineered
channels. For instance, aggradation may occur in a channel that was improperly designed with
excessive width.

2.4.5. Slope

As discussed earlier, downvalley slope can be considered an independert variable for the time
scales of interest in engineering applications. The channel slope is usually flatter than the valley
slope and can be subject to modifications as a result of aggradation and degradation. The most
common example is the reduction in the channel slope as a result of meandering. If a streamis in
a state of dynamic equilbrium and the channel is straightened by cutting off one or more
meanders, the resulting slope will be steeper than the initial condition and the stream will tend to
lengthen its path through erosion and deposition.
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In general, channel slopes have a somewhat concave profile, which is steeper in the upper
reaches of the watershed and becomes flat toward the mouth. This shape is the result of
degradation in the steeper portions and aggradation in the lower regions. Near the mouth, the
aggradation process commonly leads to the formation of deltas.

Local features can affect this natural tendency, sometimes severely. Geologic controls created
by rock outcrops in the channel can slow down the progression of erosion. A resenoir in the
stream causes settling of sediment and reduces its availability downstream. Aggradation takes
place upstream and degradation downstream of the dam. Channelization can cause headcutting,
which encourages degradation moving upstream and aggradation proceeding downstream. The
point along the stream marking the progression of upstream degradation is known as the nick
point. Figure 2.5 shows how these processes affect channel slope.

2.4.6. Roughness and Bed Configuration

The ability of flow to remove from and deposit material on the streambed induces the formation
of features that change the bed corffiguration and affect the roughness properties of the channel.
Form roughness includes the bed, streambanks, and alignment. The total resistance is given by
the grain roughness plus the form roughness.

Depending on the local flow conditions, bed forms may include ripples, dunes and antidunes, and
bars. Other sources of form roughness are vegetation, bank protection measures, rock
outcrops, and scour holes. Figure 2.6 shows the most commonly found features and their
variation as flow accelerates. Increasing velocities induce crossing of a threshold at which the
bed becomes flat. These changes trigger further adjustments in other river geomorphologic
variables (Chang, 1988).
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Figure 2.5. Processes affecting channel slope (USACE, 1994).
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Figure 26.  Various bed forms and their progression under accelerating flow (USACE, 1994).

Ripples are the smallest bed forms and have wavelengths of approximately one foot and heights
of less than one inch. Their shape is smooth and almost symmetrical although the slope
upstream could be milder than downstream.

Dunes are larger than ripples and are usually accompanied by gravity water waves, which are
out of phase with the dunes so that the water depth is greater over the troughs than over the
crests. The shape is usually triangular with a mild upstream slope and a steeper downstream
slope nearly equal to the angle of repose of the bed material. Ripples are sometimes found on
the upstream slope. Eddies take place on the downstream side and lead to surface boils and
turbulence.

Antidunes are bed forms in phase with the gravity water waves and are sometimes called
“standing waves.” Antidunes are associated with greater flow velocities. For high velocities, the
water waves become unstable and break towards the upstream direction. The shape of
antidunes varies from triangular to sinusoidal as the flow velocity increases.

Bars are bed forms of dimensions greater than dunes and of the order of the channel width.
Their vertical dimensions may be comparable to the flow depth. The term “point bar” usually
refers to the depositional area near the inside of a bend. Point bars may change configuration but
remain at the same location. “Alternating bars” refers to the periodic system of bars near
alternate channel banks. These bars introduce sinuosity to the flow paths even if the channel is
relatively straight. Alternating bars are much narrower than the channel width and tend to move
slowly downstream.
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Beds with coarse materials tend to develop a pool-and-riffle structure. The pools have mider
slopes and finer material whereas the riffles are steeper and contain coarser material. Armoring
is also common in these types of channels.

The formation of bed forms explains the hysteresis effects noted in rating curves. A flood event
can reshape a channel reach to the point that the roughness characteristics when the flood is
receding are different from those during the initial stages. Therefore, for the same flow, the stage
may be different depending on the hydrograph limb, and the rating curve may exhibit a loop.

Three empirical methodologies are available to predict bed forms: Simons and Richardson
(1961), Athaullah (1968), and van Rijn (1984). The methodologies are applied through diagrams
that, for a given particle size and flow parameters such as Froude number, stream power, or
shear stress, indicate the type of bed form likely to be present. Chang (1988) presents methods
to estimate bed-form dimensions and include bed-form roughness in stage-discharge friction
formulas.

2.4.7. Mechanics of Sediment Transport

The boundaries of the stream channel are usually soil material with a given resistance to erosion.
Bed material can range from large boulders to very fine clay particles. In general terms,
sediment can be cohesive, including clay, silt, and mixtures, or noncohesive, including sand,
gravel, and larger particles. Transport of noncohesive materials is strongly dependent on particle
size. The entire size distribution of the material is needed to ascertain its erodibility. The bond
between particles in cohesive soil dictates its resistance to erosion and is far more important than
size distribution. However, size becomes important once the material has been eroded and is
transported by the flow (Simons, Li & Associates, 1985).

An important sediment transport process is the development of an armor layer in beds containing
gravel and cobbles. Water flowing over the mixture of sand and coarser material lifts the smaller
grains and leaves an upper layer or armor of large particles. This armor protects the underlying
sediment from further erosion and controls the subsequent behavior of sediment transport. A
flood event of large magnitude can disturb the protective layer, and the armoring process will start
again.

Sediment transport exerts substantial control over morphology and channel geometric
corfiguration.  An indicator of this influence is the sediment load, which is the rate at which
material moves in the stream as quantified in units of weight per unit time. The transport rate is
closely dependent on the water discharge. The sediment load has several components. The
bed load is that portion of the sediment that moves along the bottom by sliding, rolling or saltation.
The suspended load is material carried in suspension and consists of particles that can be found
in the bed, which become suspended due to turbulence. The sum of bed load and suspended
load is known as bed-material load or total load- As wil be seen later, there are equations to
estimate bed loads, suspended loads, and bed-material loads. In addition, the stream carries the
wash load, which is made of fine materials not found in the bed. The wash load does not depend
on the carrying capacity of the stream but on the amount supplied by the watershed. There are
no general expressions to predict the wash load, although site-specific regression equations may
be available.

Quantification of sediment transport is fraught with uncertainty because of the complexity of the
phenomenon and its inherent spatial and temporal variability.  Existing mathematical
representations have relied heavily on experimental results. Chang (1988) groups the available
sediment transport formulas according to the approach used to derive them. Three major
approaches have been used: shear stress, power, and parametric. Formulas can also be
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grouped according to the component of the total load they attempt to quantify: bed load,
suspended load, or bed-material load. Table 2.5 summarizes the more commonly used
formulas.

Despite the intense efforts expended in the development of these formulas, evaluation against
field data indicates that they commonly overpredict or underpredict sediment loads by orders of
magnitude of actual measured sediment transport rates (Gomez and Church, 1989; Yang and
Wan, 1991). This discrepancy is likely due to imperfect knowledge of the physics of sediment
transport and also to the extensive variability and heterogeneity in hydrologic and geologic factors.
For these reasons, no one formula is better than the others. Selection of a sediment transport
formula must be dictated by how well the conditions of the problem at hand match the
assumptions underlying the formula. If possible, applicability of the formula should be verified with
site-specific field data. Collection of water samples for sediment analysis needs to be conducted
carefully and using proper sampling protocols. When a water sample is collected, the sediment
will include both the suspended and wash loads; therefore, it is necessary to separate the two
components to verify sediment transport formulas.

Table 2.5. Sediment transport formulas and classifications.

Sediment Transport Formula
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2.5. Evaluation Methods for Channel Response to Imposed Changes

The previous discussion presented the generally accepted concept that streams tend to a state
of dynamic equilibrium in which the geometry adjusts over time in accordance with discharge and
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sediment influx patterns. Various geomorphologic variables were examined and qualitative
relationships were discussed to predict channel geometry changes. This section presents a
review of currently available methods to predict the magnitude and direction of these geometric

changes.
2.5.1. Equilibrium Approaches

Several equilibrium-based techniques have been used to describe cross section geometry.
These techniques range from “regime” relationships to complex computational models. This
section presents a brief description of these techniques.

The basic approaches used in the derivation of these techniques can be divided into three broad
areas: regime theory, extremal hypothesis, and tractive force (ASCE, 1998a). The first two
categories correspond to a state of dynamic equilibrium in which sediment moves but the system
tends to a stable configuration. Tractive force methods refer to a state of static equilibrium in
which sediment particles are at the threshold of mation.

Regime relationships are based on empirical methods, and numerous equations have been
published in the literature. A few of the most widely used equations for sand beds are those
proposed by Lindley (1919), Lacey (1920), Simons and Albertson (1963), and Blench (1969).
Hey and Thorne (1986) present a summary of gravel-bed formulas. Regime relationships have
significant shortcomings. Examples of these limitations are:

» The relations can be used reliably only in the geographic region where the basic data were
collected.

» Lateral migration is generally not included in the determination of hydraulic geometry.

» The use of one representative discharge (e.g., the bankfull discharge, which is genrerally
considered the channel-forming discharge) as one of the main independent variables may be
insufficient to evaluate the effect of discharges in modifying the cross section. In addition,
there is uncertainty in the determination of this representative discharge.

»  Vegetation, material resistance, sediment loads, groundwater levels and other variables
have been sometimes included in the determination of geometry, but there is no consistency
among researchers regarding their significance.

» Sediment load is considered an independent input variable, but its magnitude is often
unknown or uncertain at best.

Extremal hypotheses are additional mathematical conditions that complement the fundamental
fluid mechanics equations to allow computation of all variables in sediment transport. These
conditions are usually expressed in terms of minimization or maximization of quartities such as
stream power, energy dissipation, or sediment concentration (ASCE, 1998a). For example,
Chang (1988) establishes that the state of dynamic equilibrium in a channel reach requires
continuity of sediment, minimum stream power per unit channel length, and uniform streamwise
power expenditure (energy slope). The computer program FLUVIAL-12 was developed on the
basis of these assumptions (Section 3.5.2). Another application of extremal approaches can be
found in Yang et al., (1981).

Tractive force methods define a set of conditions that are conducive to mechanical stability of
cross sections. These conditions arise from the momentum equation applied locally to particles
on the boundary and requiring equilibrium among gravity, friction, and hydrodynamic forces. The
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previously discussed Lane’s Relationship (Lane, 1955) is one result from this approach. Tractive
force methods imply a threshold channel geometry that can change in response to any variation in
the force balance. Limitations associated with tractive force formulas are:

«  Channels must be straight.

»  Secondary flows are negligible. This condition limits applications in meandering channels.
»  Sediment must be noncohesive and uniform throughout the channel.

»  The theory does not allow sediment transport, which contradicts field observations.

ASCE (1998a) reports developments that enhanced the applicability of tractive force methods.
Parker (1978) extended the formulation to allow sediment transport. The resulting equations are
complex and were solved only for special conditions. Ikeda et al. (1988) considered sediment
heterogeneity, Ikeda and 1zumi (1990) included the effect of vegetation, and Diplas and Vigilar
(1992) applied numerical solutions of the differential equations to solve for the shape of the cross
section.

All three equilibrium approaches (regime theory, extremal hypothesis, and tractive force) have
limitations when applied to channels of interest in engineering applications. For the purposes of
this report, the two most important limitations are:

«  Watershed land-use changes impose ever-changing scenarios on the fluvial system to which
the streams are constantly adjusting.

« Streams in arid climates are subject to drastic changes in response to infrequent flow events.
For example, some alluvial fans exhibit random behavior in the paths preferred by flow
episodes. An equilibrium cross section cannot be defined for these situations.

In addition, research indicates that changes occur over a wide range of time scales and that, in
addition to fluvial processes, numerous climatic, ervironmental and geotechnical factors are
involved. Induced effects include changes in roughness, bed material composition, vegetation
cover, and planform (ASCE, 1998a). These observations suggest that prediction of cross
sectional adjustments can only be accomplished for site-specific conditions after the most
significant geomorphological factors have been idertified. Therefore, any prediction of channel
geometry should be based on sound field observations.

2.5.2. Fluvial Hydraulics

This section introduces the complexities and modeling difficulties in representing the mechanisms
involved in fluvial hydraulics. A general review of the subject can be found in Knight and Shiono
(1995).

Fluvial processes are characterized by complex flud mechanics phenomena.  This complexity is
the result of spatial and temporal variabilities, some of which have been discussed in previous
sections. The following is a summary of these variabilities (ASCE, 1998a):

Topography: Variability is due to planform configuration and the presence of bed forms.
In addition, overflow into the floodplain during large-magnitude events can
produce geomorphologic changes, which are very different from those
stemming from in-channel flows.
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Roughness: Varies according to the different materials along the banks and the bottom
and the additional resistance of bed forms.

Sediment; Materials in the bed and the banks are heterogeneous and may include
both cohesive and noncohesive soils. Armoring produces a sediment
distribution different from that of the bulk material.

Water and These quartities are governed by unsteady phenomena. In addition,

Sediment sediment supply is the limiting factor and does not depend solely on

Transport: transport capacity. Therefore, floods of similar magnitude may carry
different amounts of sediment.

History of The current geometric configuration of channels is a cumulative result of

Events: past everts.

Models have been developed to simulate some of the processes; however, the need to simulate
variations in the cross section geometry implies that these models must be capable of some two-
dimensional representation. Three-dimensional models are required to simulate important
mechanisms such as secondary currents in bends; however, these models are not cost-effective
for most engineering applications. Therefore, two-dimensional models remain the most
appropriate to make predictions on cross sectional changes.

One of the most significant parameters associated with movement of sediment is the shear
stress because its magnitude determines if bed and streambank materials will be eroded. In
consequence, shear stress is a critical parameter in the definition of cross section geometry.
ASCE (1998a) presents a summary of research efforts directed at determining the value of the
shear stress. An important phenomenon is the redistribution of shear stresses under overbank
flow conditions during large floods, which tends to affect the sediment transport rate. Depending
on the direction of the effect, this stress redistribution can lead to erosion or deposition and thus
to significant cross section adjustment.

Variations in the longitudinal direction present computational challenges. For instance, many
simulation models depend on the definition of cross sections representative of channel reaches.
Therefore, some kind of averaging must be conducted to produce computational sections, which
are not what exists in the channel in reality. The need for a similar procedure arises when
selecting a value for the friction slope representative for the channel reach. This slope directly
affects stream power, which is a fundamental quantity in movable-boundary models based on
extremal hypotheses. As a consequence of these facts, any prediction in cross section changes
should not be applied to a particular section but must be associated with the reach. In addition,
streamwise averaging can be particularly complicated during overbank flow due to new flow
patterns that may develop (ASCE, 1998a). For example, in meandering streams the sinuosity of
the flow paths can vary depending on the elevation of the water surface.

In principle, processes occurring at the banks are directly responsible for changes in the cross
section geometry. Velocity, shear stress, secondary currents, and turbulence in the near-bank
area control these processes. Knowledge of these processes is imperfect, as evidenced by the
above-mentioned difficulties in ascertaining the physics of these phenomena. Tools based on
empirical analyses are available to determine the magnitude and distribution of shear stresses
(ASCE, 1998a). Within the computational limitations, determination of shear stresses is an
important step. However, although the shear stress is the most important variable, it is not the
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only one, and its role must be analyzed in conjunction with a general geomorphic context, the
channel type, and the location in the watershed.

2.5.3. Streambank Stability

In addition to hydrodynamically induced erosion and deposition, another important mechanism in
defining changes in cross section geometry is the occurrence of mass failure of the streambanks
(Photograph 9). ASCE (1998a) discusses seven factors affecting the loss of material in the
streambanks:

Bank Erosion: This erosion is the result of hydrodynamic drag, which detaches particles
and mixes them with the flow. Grain size and its distribution and the bonding
mechanism among particles dictate resistance to erosion. Erodibility varies
in space due to the various strata along the streambank and the presence
of local heterogeneities. Noncohesive materials resist primarily by means of
their submerged weight and, to some degree, from grain interlocking.
Cohesive materials resist through particle electrochemical bonding. Critical
shear stresses for cohesive materials are difficult to determine; however,
research indicates that they are greater than for noncohesive particles.
Consequently, cohesive banks tend to erode less than noncohesive banks.

Weakening of Erodibility can be increased by weathering processes that tend to loosen
Erosion particles. Some of these processes include, freeze-and-thaw cycles and
Resistance: cracking caused by swelling and shrinkage.

Mass Failure: Geotechnical stability of banks is similar to slope stability and depends on
the height of the bank and cohesion and friction forces. Failure can occur as
a plane slip or rotational slip of the soil wedge (Thorne, 1982) or toppling of
a vertical slice triggered by a tension crack (Thorne and Towvey, 1981).
Another possibility is the failure of a cantilever configuration associated with
toe erosion (Thorne and Towey, 1981). Mechanisms that trigger mass
failure include incision of the channel that increases bank height or, as
mentioned earlier, erosion of the bank toe. Figure 2.7 shows schematics of
these failure mechanisms. Applications of these failure schemes can be
found in Darby and Thorne (1996a), Thorne and Osman (1988), and
Osman and Thorne (1988).

Basal Endpoint This factor refers to the ability of flmal erosion to remove the material

Control: deposited by mass failure. If the flow can remove this material and continue
eroding the bank, the section wil be enlarged. If the flow is unable to
remove all of the material, a berm wil be formed and the section will be
narrowed.

Vegetation: Vegetation tends to increase the stability of material and hence reduce
erosion rates. Vegetation may aid or prevent mass failure. Despite the
evidence that vegetation influences soil erosivity and erodibility and mass
failure, there is insufficient understanding about the complexity of this role.

Seepage: Pore pressure increases can be triggered by rapid drawdown of water in
the channel, leaving saturated banks. The water then seeps from the banks
into the stream and may cause piping that leads to erosion of soil layers.
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Bank Advance:  This term encompasses all mechanisms that lead to narrowing of the
section due to deposition. Morphological changes can cause aggradation

and creation of berms. Colonization by vegetation improves the stability of
these berms.

An important limitation of the Osman-Thorne stability analysis procedures is the fact that pore-
water and hydrostatic confining pressures are not included. Another limitation is that the plane of
failure is assumed to pass through the toe of the embankment. This prevents applicability to
upper bank failures, which have been found to be common (ASCE, 1998b). Simon et al. (1991)
solved some of these shortcomings.

Photograph 9. Mass failure of streambank caused by minor flooding event.
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Figure 2.7. Mechanisms of bank failure. (a) planar slip, (b) rotational slip, (c) toppling, (d) cantilever shear,
(e) cantilever rotational, (f) cantilever tensile (ASCE, 1998a).

2.6. Computational Models

The foregoing sections evidence the fact that quantification of geometric changes in channel
geometry is a difficult task and that prediction tools need to be improved to obtain reliable resuits.
Several techniques have been introduced in previous sections. This section presents a summary
of currently available computational models to predict geometry changes. The material in this
section is a summary of a comprehensive review prepared by the American Society of Civil
Engineers Task Committee on Hydraulics, Bank Mechanics, and Modeling of River Width
Adjustment (ASCE, 1998b).

Simulation of these co